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ABSTRACT

The process of bone mineralization and resorption is complex and
is affected by numerous factors, including dietary constituents. Al-
though some dietary factors involved in bone health, such as calcium
and vitamin D, are typically associated with dairy products, plant-
based sources of these nutrients also supply other key nutrients in-
volved in bone maintenance. Some research suggests that vegetarian
diets, especially vegan diets, are associated with lower bone mineral
density (BMD), but this does not appear to be clinically significant.
Vegan diets are not associated with an increased fracture risk if cal-
cium intake is adequate. Dietary factors in plant-based diets that sup-
port the development and maintenance of bone mass include calcium,
vitamin D, protein, potassium, and soy isoflavones. Other factors present
in plant-based diets such as oxalic acid and phytic acid can poten-
tially interfere with absorption and retention of calcium and thereby
have a negative effect on BMD. Impaired vitamin B-12 status also
negatively affects BMD. The role of protein in calcium balance is
multifaceted. Overall, calcium and protein intakes in accord with Di-
etary Reference Intakes are recommended for vegetarians, including
vegans. Fortified foods are often helpful in meeting recommenda-
tions for calcium and vitamin D. Plant-based diets can provide ad-
equate amounts of key nutrients for bone health. Am J Clin Nutr
2014;100(suppl):469S-75S.

INTRODUCTION

Osteoporosis affects millions of people and has significant
effects on quality of life and on health care costs. Worldwide, ~ 1
of 3 women and 1 of 5 men aged >50 y will experience a fracture
related to osteoporosis (1). In 2000, there were an estimated
9 million osteoporotic fractures worldwide, resulting in 5.8
million disability-adjusted life-years lost (2). The annual cost of
osteoporosis and fractures in elderly people in the United States
was projected to be $22 billion in 2008 (3); more recent estimates
are not available.

Nutrition plays a part in reducing the risk of developing os-
teoporosis. Nutrients that appear to have important roles in bone
health include calcium, vitamin D, protein, phosphorus, mag-
nesium, zinc, copper, manganese, vitamin C, vitamin B-12, vi-
tamin K, and potassium. Some of these nutrients are essential for
the growth and development of the skeleton, some are involved in
the formation of collagen or cartilage, and some support calcium
and phosphate homeostasis (4). In addition, phytoestrogens, fla-
vones, and antioxidants as well as fruit, vegetables, soy products,
and many other factors related to diet may have implications for
bone health.

Vegetarians are a diverse group of individuals characterized by
an avoidance of meat (including fowl) and seafood and products
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containing these foods (5). Generally, vegetarian diets are categorized
on the basis of foods included or excluded, with lactoovovegetarian
diets including dairy products and eggs, lactovegetarian diets
including dairy products, and vegan diets excluding all animal
products. Even within these categories, considerable heteroge-
neity exists (6). Common food and supplement sources of nu-
trients related to bone health in different types of vegetarian diets
are shown in Table 1. Of course, individual variation occurs
in food and supplement choices and can affect the sources and
adequacy of these nutrients.

Two recent large studies compared nutrient intakes in vege-
tarians and nonvegetarians (7, 8). The first study, the European
Investigation into Cancer and Nutrition (EPIC)*-Oxford, ex-
amined dietary intakes of 29,913 meat eaters, 16,095 lactoovove-
getarians and lactovegetarians, and 2112 vegans in the United
Kingdom (7). The mean percentage of energy from protein was
16.0% in male meat eaters, 13.1% in male vegetarians, 12.9%
in male vegans, 17.3% in female meat eaters, 13.8% in female
vegetarians, and 13.5% in female vegans (7). Vegans had the highest
intakes of vitamin C and magnesium and the lowest intakes of
vitamin B-12, vitamin D, calcium, and zinc (statistical signifi-
cance not indicated) (7). The second study compared nutrient
intakes of different groups of adult Seventh-day Adventists from
the United States and Canada and included 33,634 meat eaters,
21,799 lactoovovegetarians, and 5694 vegans (8). Mean intakes
of protein (% of energy), vitamin B-12, vitamin C, calcium, sodium,
phosphorus, and zinc did not differ between groups (8). Lac-
toovovegetarians and vegans had significantly higher intakes of
total fiber; vegans had significantly lower intakes of vitamin D
and significantly higher intakes of magnesium compared with
nonvegetarians (P < 0.05 for all) (8).

Whereas dietary factors and the propensity of many vege-
tarians to lead an active lifestyle can promote bone health, there is
also evidence that vegetarianism is associated with several factors
that can have a detrimental impact on bone health, namely a lower
average BMI (9) and potentially low intakes of vitamin B-12 (10),
calcium (7, 11), and vitamin D (7, 8, 12—14). The purpose of this
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TABLE 1

Dietary and supplement sources of some nutrients involved in bone health in different types of vegetarian diets

Lactoovovegetarian Lactovegetarian Vegan

Nutrient sources sources sources

Calcium Dairy products, calcium-fortified foods, Dairy products, calcium-fortified foods, Calcium-fortified foods, green leafy
green leafy vegetables, calcium green leafy vegetables, calcium vegetables, calcium supplements
supplements supplements

Potassium Dairy products, legumes, vegetables, fruit Dairy products, legumes, vegetables, fruit Legumes, vegetables, fruit

Protein Dairy products, eggs, legumes, grains, Dairy products, legumes, grains, nuts, Legumes, grains, nuts, seeds

nuts, seeds seeds

Dairy products, eggs, vitamin B-12—
fortified foods, vitamin B-12
supplements

Fruit, vegetables

Vitamin D—fortified dairy products, eggs,
vitamin D—fortified foods, vitamin D
supplements, mushrooms

Vitamin B-12

Vitamin C
Vitamin D

Dairy products, vitamin B-12—fortified
foods, vitamin B-12 supplements

Fruit, vegetables

Vitamin D—fortified dairy products,
vitamin D—fortified foods, vitamin D
supplements, mushrooms

Vitamin B-12—fortified foods, vitamin
B-12 supplements

Fruit, vegetables
Vitamin D—fortified foods, vitamin D
supplements, mushrooms

article is to review the adequacy of a plant-based diet for healthy
bones, to examine constituents of a plant-based diet that may
offer benefits in terms of bone health, and to provide practical
recommendations for promotion of bone health in vegetarians
and those consuming primarily plant-based diets.

BONE MINERAL DENSITY AND FRACTURE RISK IN
VEGETARIANS

Two indicators of bone health are bone mineral density (BMD)
and bone fragility, as evidenced by fracture incidence. A number
of studies examined these indicators in vegetarians.

BMD is a consistent predictor of the risk of osteoporotic
fracture (15). Studies of BMD in vegetarians yielded inconsistent
results, with some reporting no significant difference and some re-
porting lower BMDs in vegetarians compared with nonvegetarians
(16). Inconsistencies between studies may be attributable to small
sample sizes, differences in types of vegetarians studied, and
failure to control for factors such as BMI, physical activity level,
and nutrient intake.

To resolve the inconsistent results, Ho-Pham et al (16) carried
out a Bayesian meta-analysis to estimate the magnitude of the
effect of vegetarian diets on BMD. Nine studies of BMD in
vegetarians were included in the analysis; more than half of the
studies were in women. Femoral neck and lumbar spine BMD
was 4% lower in those categorized as vegetarians (including both
lactoovovegetarians and vegans) compared with omnivores. BMD
was 6% lower at the femoral neck in vegans than in nonvegetarians,
with similar results for BMD at the lumbar spine. These dif-
ferences were assessed as being very modest and not clinically
relevant in terms of risk of fracture (16).

The EPIC-Oxford study examined fracture risk in meat eaters,
fish eaters, vegetarians (who also consumed dairy products and/or
eggs), and vegans (17). The >34,000 study subjects ranged in
age from 20 to 89 y. Subjects were followed for an average of
5.2y, and fractures were self-reported. Fracture risk was highest
among vegans, although this association was attenuated when
adjustments were made for nondietary factors such as smoking
and alcohol. When only those subjects with calcium intakes above
the UK Estimated Average Requirement (EAR) for calcium of
525 mg/d were included in the analysis, there was no difference
between any of the groups in terms of fracture incidence (17).

These results suggest that calcium adequacy plays a role in bone
health. The results of this study are supported by other epide-
miologic studies showing that, in populations with low mean
calcium intakes, risk of fracture was increased (18, 19), whereas
in populations with average mean calcium intakes, this associ-
ation was not seen (20).

Other studies of fracture risk in vegetarians found no signif-
icant difference in vertebral fracture risk in Vietnamese post-
menopausal women (vegan compared with nonvegetarian) (21)
but a higher risk of wrist fracture in vegetarian Adventist women
(22). Results of the latter study may have been influenced by
dietary protein intake (22).

Overall, vegetarians appear to have BMD similar to non-
vegetarians. Fracture rates are similar in vegetarians and non-
vegetarians if calcium intake is adequate and the diet contains
good sources of protein. Clearly, vegetarian diets, including vegan
diets, can support bone health.

CALCIUM AND BONE HEALTH FOR VEGETARIANS

Calcium is the nutrient most commonly associated with bone
health. Most of the calcium in the human body is found in the
bones and teeth where it serves as a major structural element.
Bone tissue also functions as a source of calcium for metabolic
needs.

The US Dietary Reference Intakes for calcium and vitamin D
were most recently updated in November 2010 using current
scientific knowledge. One significant change was the move from
the use of Adequate Intakes to EARs and Recommended Dietary
Allowances (RDAs) for calcium and vitamin D (Table 2). The
Adequate Intake is based on estimates of nutrient intake by a group
of people who are apparently healthy and who are therefore
assumed to have an adequate intake and is used when an RDA
cannot be determined because of limited data (23). Some pub-
lications for the general public have suggested that vegetarians,
especially vegans, may not need as much calcium as nonvegetarians
because of vegetarians’ lower protein and lower animal-derived
protein intakes. As a later section of this article suggests, higher
protein intakes appear to be beneficial to bone health. In addition,
there is no evidence that vegetarians, including vegans, have lower
calcium needs because of the protein content of their diet. On
the basis of current knowledge, it seems prudent to recommend
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TABLE 2
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Dietary Reference Intakes for calcium and vitamin D by age and sex in the United States and Canada’

Dietary Reference Intake (reference)

Age group Calcium EAR (23) Calcium RDA (23) Vitamin D EAR (23) Vitamin D RDA (23)
mg/d mg/d 1U7d 1U/d
13y 500 700 400 600
4-8y 800 1000 400 600
9-18 y 1100 1300 400 600
19-50 y 800 1000 400 600
51-70 y
Women 1000 1200 400 600
Men 800 1000 400 600
>70y 1000 1200 400 800

'EAR, Estimated Average Requirement; RDA, Recommended Dietary Allowance.

that vegetarians strive to meet the calcium Dietary Reference
Intakes.

A variety of studies in Western vegetarians published over the
past 20 y showed that mean calcium intakes of groups of veg-
etarians and vegans do not necessarily meet the US EAR, an
average daily nutrient intake amount estimated to meet the needs
of half of healthy individuals (23). For example, male lactoo-
vovegetarians have mean calcium intakes ranging from ~ 700
mg to close to 1600 mg/d, whereas intakes of male vegans range
from 400 to 900 mg/d (11). Female lactoovovegetarians’ mean
calcium intakes range from ~650-1150 mg/d, whereas female
vegans’ mean intakes range from 425 to 800 mg/d (11).

Although dairy products are widely advertised as sources of
calcium, a number of plant-based foods also contain well-absorbed
calcium. These include green leafy vegetables such as bok choy,
kale, and broccoli; tofu set with calcium salts; and calcium-
fortified foods including plant milks, orange juice, and energy bars.
Approximately 30% of calcium is absorbed from dairy products
and fortified foods; almost twice as much is absorbed from some
vegetables such as broccoli and kale (23).

One method for promoting calcium intake for individuals choosing
plant-based or vegan diets is to devise a list of foods that contain
similar amounts of well-absorbed calcium (24, 25). Selecting a
specified number of servings of these foods can allow clients flexibility
in meeting calcium recommendations. Foods that contain ~ 150
mg of calcium per serving are listed in Figure 1. Assuming that
other foods will provide additional, smaller amounts of calcium, the
use of at least 5-6 servings of these foods/d for younger adults and
at least 7 servings/d for postmenopausal women and men aged =71y
can provide a simple way to meet recommendations for calcium.

Calcium bioavailability from plant foods is especially affected
by the presence of oxalic acid and phytic acid in some foods. Foods
high in oxalic acid include spinach, rhubarb, Swiss chard, and
beet greens. Fractional absorption of calcium from these foods
may be as low as 5%; in comparison, low-oxalate vegetables such
as broccoli and bok choy have a fractional absorption of >50%
(26). Foods high in phytic acid include wheat bran, legumes,
seeds, nuts, and soy isolates (23). Plant-based foods that contain
approximately the same amount of absorbable calcium as 1 cup
of cow milk are shown in Table 3.

It is entirely possible for vegetarians, including vegans, to meet
the current recommendations for calcium. Judicious food selection,
including possible use of some calcium-fortified foods, can help to
ensure calcium adequacy.

PROTEIN, CALCIUM, AND THE SKELETON

It has long been known that an increase in dietary protein
results in an increased urinary calcium excretion (29). At one
point, this effect of protein was used to support the idea that
vegetarians, whose diets could conceivably be lower in protein,
would have lower urinary calcium losses, and thus would require
less calcium. More recent research suggests that the influence of
dietary protein on calcium needs is much more complex (30, 31)
and that higher protein diets may provide benefits in terms of
bone health (32-34).

Protein has a number of potentially positive effects on bone
health (31). The increased insulin-like growth factor I seen with
higher protein intakes may increase osteoblast activity and promote
mineralization of the bone matrix (34). Higher protein intakes may
improve calcium absorption, especially from diets low in cal-
cium (35, 36). Protein also helps to maintain bone structure (37),
suppresses parathyroid hormone (38), and improves muscle
strength (37), all of which may provide benefits in terms of bone
health.

The increased calciuria seen with increased dietary protein
could have a negative effect on the skeleton if the source of the
urinary calcium was bone resorption. In addition, the increased
dietary acid load associated with a higher protein intake, espe-
cially with a higher intake of sulfur-containing amino acids, may
lead to a shift in the balance between osteoblastic and osteoclastic
activity (34). Newer research, however, suggests that the serum

= 2 Tablespoons almond butter, tahini
= 1/4 cup calcium-fortified tofu, almonds

= 1/2 cup calcium-fortified plant milk, calcium-fortified orange juice, tempeh, soybeans,

firm tofu made with calcium and nigari, calcium-fortified yogurt
= 1 cup cooked bok choy, collards, kale, mustard greens, okra, white beans
= 2 cups cooked broccoli
= 1/2 calcium-fortified energy bar
= 2 navel oranges

= 10 dried figs

FIGURE 1. Foods that contain ~ 150 mg of calcium per serving.
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TABLE 3
Plant-based foods that contain approximately the same amount of
absorbable calcium [96 mg (26)] as 1 cup (240 mL) of cow milk

Food (reference) Amount

Vegetables (26)

Bok choy 1 cup (170 g)
Broccoli 2.25 cups (160 g)
Chinese cabbage 0.5 cups (85 g)
Kale 1.5 cups (255 g)

Beans and soy products
Calcium-fortified soy milk (27)
Calcium-set tofu (26)

White beans (26)

Other

Calcium-fortified juice (26,28)

1.3 cups (312 mL)
5.4 ounces (153 g)
2 cups (220 g)

0.6-1 cup (144-240 mL)

pH change that occurs in response to an acid-generating diet is
not of the magnitude needed to activate the osteoclastic cells to
promote bone resorption (31).

Despite protein’s possible negative role in bone health, a re-
cent systematic review and meta-analysis concluded that only
1-2% of BMD could be attributed to protein intake and that
protein intake had either a positive or neutral effect on BMD
(34). Protein intake either reduced or did not affect the risk of
hip fracture regardless of the form of protein (animal compared
with vegetable) (34).

Limited research has directly examined the role of protein in
the bone health of vegetarians. A cohort study in 1865 peri- and
postmenopausal women who were followed for 25 y examined
the effects of meat consumption or a vegetarian diet on the risk
of wrist fracture (22). Vegetarian women with the lowest con-
sumption of vegetable protein (beans, nuts, soy milk, and meat
analogs) had the highest risk of forearm fracture. There was
a 68% reduction in risk of wrist fracture risk (HR: 0.32; 95% CI.:
0.13, 0.79) in the vegetarian women who had vegetable protein
more than once a day compared with the vegetarian women who
had vegetable protein <3 times/wk (22). Similar results, with
lower fracture risk for higher intakes, were also seen for beans,
meat analogs, and cheese (22). A larger study that included
>17,000 male and female vegetarians found that those with the
highest intakes of meat analogs had a reduction in risk of hip
fracture compared with those with the lowest intakes (HR: 0.34;
95% CI: 0.12, 0.95) (39). Those with the highest intakes of le-
gumes had a reduction in risk of hip fracture compared with
those with the lowest intake (HR: 0.48; 95% CI: 0.24, 0.97) (39).
These results support the idea that protein-rich foods are asso-
ciated with bone health in vegetarians.

Protein intakes of vegetarians vary depending on food choices.
Surveys suggest that protein intakes of nonvegetarians are fre-
quently in the range of 14-18% of energy, whereas lactoovo-
vegetarian and vegan protein intakes are between 12—-14% and
10-12% of energy, respectively (11). Sources of protein also
vary by diet type. For example, mean animal protein (% of
energy) ranged from 6.2% in nonvegetarians to 2.4% in lac-
toovovegetarians to 0.6% in vegans in one study in Seventh-day
Adventists (8). In the same study, mean plant protein ranged
from 8.5% in nonvegetarians to 11.4% in lactoovovegetarians to
13.0% in vegans (8).

Although it is clear that increasing dietary protein is associated
with increased calcium loss in the urine, the source of this calcium is
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subject to debate. One hypothesis is that higher amounts of calcium
appear in the urine, mainly attributable to the greater calcium
absorption that occurs with a high-protein diet. Short-term dietary
intervention studies support this idea (35). Increased protein intake
reduces calcium reabsorption by the kidney, possibly because of an
increased glomerular filtration rate (30). This could help to explain
the higher urinary calcium losses seen with higher protein intakes.
An additional hypothesis is that a diet high in acid-producing foods,
commonly foods high in sulfur-containing amino acids such as
meats and grains, could lead to a mild metabolic acidemia,
which is then buffered by carbonates and other bases from bone.
According to this hypothesis, calcium is leached from bone along
with these buffering agents, is excreted in urine, and a loss of
bone occurs (30). A recent meta-analysis calls into question the
idea that the amount or type of protein affects calcium balance
or bone resorption (40).

If the higher dietary acid load associated with a higher protein
intake does increase calcium losses in urine, it would be bene-
ficial to identify ways to reduce these losses while still seeing the
benefits of a higher protein intake. Vegetarians are not exempt
from the negative effects of a higher protein intake because
vegetarian protein sources such as soy, corn, wheat, and rice have
total sulfur contents per gram of protein similar to meat, eggs, and
milk (41) and thus have a similar potential to promote calciuria.
However, vegetarian diets also can contain many foods with acid-
neutralizing potential, such as fruit and vegetables. A combination
of adequate protein, fruit, and vegetables and ample dietary
calcium may enhance protein’s role in the promotion of bone
health (30).

VITAMIN D’S ROLE IN BONE HEALTH OF
VEGETARIANS

Vitamin D plays a key role in bone health through its promotion
of calcium absorption and normal mineralization of bones. This
vitamin is naturally present in very few foods, is added to some
foods, and can be synthesized endogenously after cutaneous ex-
posure to UV-B radiation from sunlight. Many factors, such as
season, skin pigmentation, use of sunscreen, and clothing cov-
erage, affect vitamin D production (23). Dietary and supple-
mental sources of vitamin D are commonly required to meet the
needs for this essential nutrient.

Dairy products are often fortified with vitamin D and can be an
important source for lactoovovegetarians and lactovegetarians.
Plant milks may also be fortified with vitamin D and can serve
as a source for vegans and others who avoid dairy products. These
fortified foods are a relatively recent innovation and are not
universally available.

In Finland, dietary intake of vitamin D in vegans was in-
sufficient to maintain serum 25-hydroxyvitamin D [25(OH)D]
and parathyroid hormone concentrations within normal ranges in
the winter; these low concentrations appear to have a negative
effect on long-term BMD (12). Lactovegetarians also had sig-
nificantly lower vitamin D intakes than did nonvegetarians in
this study (12). Similar results, namely lower vitamin D intakes in
vegans and in lactoovovegetarians or lactovegetarians, were also
reported in participants in EPIC-Oxford (13). The Adventist
Health Study 2 reported lower dietary vitamin D intakes in non-
Hispanic white vegetarians but not in black vegetarians (14).
Total vitamin D intakes (diet + supplement) were not significantly
different between vegetarians and nonvegetarians (14).
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Several studies have examined vitamin D status of vegetarians.
EPIC-Oxford reported significantly lower plasma 25(OH)D in
vegetarians compared with meat eaters, with vegans having the lowest
mean plasma 25(OH)D concentrations (13). Plasma 25(OH)D
concentrations <25 nmol/L, a concentration considered by the
UK Department of Health to increase the risk of bone-related
diseases, were reported in 8% of vegans and 3% of vegetarians
when blood was collected in the winter or spring; these low
concentrations were less common when blood was collected in
summer or fall (13). Lower plasma 25(OH)D was also reported
in vegans in Finland (12) and in Vietnam (21).

The identification of good sources of vitamin D is clearly
a priority to improve bone health of vegetarians and vegans.
Although fortified foods and UV-treated mushrooms are plant-
based sources of vitamin D, the amount of vitamin D that they
supply is limited (Table 4), especially in relation to the current RDA
of 600 IU/d for 19-70 y olds and 800 IU/d for those aged >70 y
(Table 2) (23). Supplemental vitamin D may be needed. These
recommendations were developed on the basis of no sunlight
exposure (23); lower dietary intakes of vitamin D may be needed to
maintain vitamin D sufficiency in situations in which more sunlight
exposure occurs. However, due to the risk of skin cancer, limited
exposure of skin to sunlight is recommended (43).

Vitamin D3 (cholecalciferol) is derived from lanolin from
sheep’s wool and is typically avoided by vegans. Vitamin D,
(ergocalciferol) is a vegan source of vitamin D. There is some
controversy about the equivalence of these 2 forms of vitamin D
(44-47). At low doses, vitamin D, and vitamin D3 appear to be
equivalent, but at higher doses vitamin D, appears to be less
effective than vitamin D5 (23).

UV-treated mushrooms contain vitamin D,. A recent study
suggests that vitamin D, from mushrooms is beneficial for those
at risk of vitamin D deficiency but may not improve status in those
with considerable sun exposure (48). A vegan form of vitamin D3
has been isolated from lichen (49).

FRUIT AND VEGETABLES

Diets high in fruit and vegetables offer many potential benefits
for bone health. Fruit and vegetables are good sources of nutrients
that are involved in bone metabolism, including magnesium,
calcium, potassium, vitamin K, and vitamin C (50). The antioxi-
dants found in fruit and vegetables could protect bone by reducing
resorption attributable to high oxidative stress (50). Because of the
potassium and magnesium content of diets high in fruit and veg-
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etables, dietary acid load is lower, potentially resulting in less loss of
calcium in urine (51).

Higher consumption of fruit and vegetables has been associ-
ated with decreased risk of fragility fractures (52). In a case-control
study in postmenopausal women in China whose diets were low
in meat and milk, the estimated OR (95% CI) for forearm fracture
was 0.53 (0.42, 0.67) for each quintile increase in vegetable
intake (52). Higher intakes of fruit and vegetables also appeared
to be protective. These results may be especially relevant for
vegans because of their dietary similarities with the women in this
study.

Fruit and vegetable consumption has been associated with
positive effects on bone (53-55), although not all studies found
this association (56, 57). A recent systematic review concluded
that it was not clear whether fruit and vegetable intake in post-
menopausal women can reduce the risk of osteoporotic fractures,
improve BMD, or slow the rate of bone loss (50). These contra-
dictory results may be due to differences in the types of vegetables
or fruit that predominate in different populations or to other
variables.

The potassium content of fruit and vegetables was proposed as
one explanation for the positive effects on bone sometimes as-
sociated with fruit and vegetables. Vegetarian, especially vegans,
typically have generous intakes of potassium (11). Higher po-
tassium intakes have been associated with greater lumbar spine
and femoral neck BMD (58) and with other bone-related benefits
(59).

The potassium in fruit and vegetables is predominantly as-
sociated with bicarbonate precursors (eg, citrate) (60). Meat,
dairy products, and cereals contain potassium but have fewer
bicarbonate precursors (60, 61). The association of fruit and
vegetables with bone health may be due in part to the presence of
bicarbonate precursors (62), which have an alkalizing effect and
thereby promote bone health.

Vitamin C, another nutrient whose intake is high in those
choosing plant-based diets, has been associated with bone health.
For example, in the Framingham Osteoporosis Study, subjects in
the highest tertile of intake for vitamin C had significantly fewer
hip fractures and nonvertebral fractures compared with those in
the lowest tertile (63). These results included vitamin C from diet
and supplements. Similar trends were seen when dietary intake
alone was assessed, but results were not significant (63). The
beneficial effects of vitamin C may be related to its role as an
antioxidant (63) and to its function as a cofactor for collagen
formation (64). In addition, vitamin C intake may reflect fruit and

TABLE 4
Plant-based sources of vitamin D,
Food (reference) Serving size Vitamin D
U
Mushrooms
Brown or crimini mushrooms (42) 1 cup sliced (72 g) 2
Chanterelle mushrooms (42) 1cup (54 2 114
Morel mushrooms (42) 1 cup (66 g) 136
Mushroom powder’ 1 teaspoon (1.4 g) 600
Mushrooms, commercially exposed to UV light (42) 1 cup diced (86 g) 384
White or portabella mushrooms (42) 1 cup pieces or slices (70-86 g) 3-9
Fortified foods
Fortified plant milk’ 8 ounces (240 mL) 40-120

7 - . .
Values based on manufacturers’ information.
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vegetable intake, and beneficial effects purported to be the results
of vitamin C could be attributed to other factors in fruit and vegetables.
Despite variability in results, the many positive benefits of fruit
and vegetables for both overall and bone health make it apparent
that generous amounts of these foods should be recommended.

OTHER FACTORS THAT MAY AFFECT VEGETARIAN
BONE HEALTH

Vegetarians commonly use soy products as convenient addi-
tions to their diet. The impact of soy foods on bone health is
uncertain (65). Epidemiologic studies suggest that women who
have high soy food consumption have a lower risk of osteoporosis
(66) and report a reduced risk of fracture in women with the
highest soy intakes (67, 68). Randomized controlled trials of
isoflavone supplements showed mixed results, typically finding
positive effects of isoflavones on bone only in very high doses—
considerably above usual intakes from soy foods (69, 70).

Inadequate vitamin B-12 status has been linked to low BMD,
increased fracture risk, and osteoporosis (71, 72). Vegans who do
not regularly use reliable sources of vitamin B-12 are at risk of
deficiency. The elevated plasma homocysteine concentrations that
are a hallmark of vitamin B-12 deficiency may explain the association
between a vitamin B-12 deficiency and poor bone health. Homo-
cysteine was shown to stimulate osteoclasts, inhibit osteoblasts, and
disturb collagen crosslinking (73). Even mild to moderate vitamin B-12
deficiency appears to be sufficient to increase bone turnover (73).

CONCLUSIONS

Plant-based diets can provide adequate amounts of key nutrients
for bone health. Both vegetarian and vegan diets can have effects
on BMD and rates of osteoporotic fracture similar to omnivorous
diets. Despite some inconsistencies in research, it is possible to make
dietary recommendations that will support bone health in vegetar-
ians. Specifically, vegetarian diets should include the following:

+ adequate calcium and vitamin D: these nutrients can come
from foods (naturally good sources and fortified products)
and, if necessary, from supplements;

« adequate protein from a variety of sources;

+ generous amounts of a variety of fruit and vegetables; and

« regular, reliable sources of vitamin B-12 to ensure sufficiency.

ARM was the sole author and had no acknowledgments to make or dis-
closures to report.

REFERENCES

1. Strom O, Borgstrom F, Kanis JA, Compston J, Cooper C, McCloskey
EV, Jonsson B. Osteoporosis: burden, health care provision and oppor-
tunities in the EU: a report prepared in collaboration with the International
Osteoporosis Foundation (IOF) and the European Federation of Pharma-
ceutical Industry Associations (EFPIA). Arch Osteoporos 2011;6:59-155.

2. Johnell O, Kanis JA. An estimate of the worldwide prevalence and
disability associated with osteoporotic fractures. Osteoporos Int 2006;
17:1726-33.

3. Blume SW, Curtis JR. Medical costs of osteoporosis in the elderly
Medicare population. Osteoporos Int 2011;22:1835-44.

4. Prentice A, Schoenmakers I, Laskey MA, de Bono S, Ginty F,
Goldberg GR. Nutrition and bone growth and development. Proc Nutr
Soc 2006;65:348-60.

5. Craig WJ, Mangels AR; American Dietetic Association. Position of the
American Dietetic Association: vegetarian diets. J Am Diet Assoc
2009;109:1266-82.

MANGELS

6.

10.

12.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.
30.

31

Academy of Nutrition and Dietetics Evidence Analysis Library.
Types and diversity of vegetarian nutrition. Available from: http://
andevidencelibrary.com/topic.cfm?cat=3897 (cited 27 January 2014).

. Davey GK, Spencer EA, Appleby PN, Allen NE, Knox KH, Key TJ.

EPIC-Oxford: lifestyle characteristics and nutrient intakes in a cohort
of 33 883 meat-eaters and 31 546 non meat-eaters in the UK. Public
Health Nutr 2003;6:259-69.

. Rizzo NS, Jaceldo-Siegl K, Sabate J, Fraser GL. Nutrient profiles of

vegetarian and nonvegetarian dietary patterns. J Acad Nutr Diet 2013;
113:1610-9.

. Spencer EA, Appleby PN, Davies GK, Key TJ. Diet and body-mass

index in 38000 EPIC-Oxford meat-eaters, fish-eaters, vegetarians, and
vegans. Int J Obes Relat Metab Disord 2003;27:728-34.

Pawlak R, Parrott SJ, Raj S, Cullum-Dugan D, Lucus D. How prevalent
is vitamin B(12) deficiency among vegetarians? Nutr Rev 2013;71:110-7.

. Mangels R, Messina V, Messina M. The dietitian’s guide to vegetarian

diets. 3rd ed. Sudbury, MA: Jones & Bartlett Learning, 2011.

Outila TA, Kirkkdinen MU, Seppénen RH, Lamberg-Allardt CJ. Di-
etary intake of vitamin D in premenopausal, healthy vegans was in-
sufficient to maintain concentrations of serum 25-hydroxyvitamin D
and intact parathyroid hormone within normal ranges during the winter
in Finland. J Am Diet Assoc 2000;100:434-41.

. Crowe FL, Steur M, Allen NE, Appleby PN, Travis RC, Key TJ.

Plasma concentrations of 25-hydroxyvitamin D in meat eaters, fish
eaters, vegetarians and vegans: results from the EPIC-Oxford study.
Public Health Nutr 2011;14:340-6.

Chan J, Jaceldo-Siegl K, Fraser GE. Serum 25-hydroxyvitamin D
status of vegetarians, partial vegetarians, and nonvegetarians: the Ad-
ventist Health Study-2. Am J Clin Nutr 2009;89(suppl):1686S-92S.
Bagger YZ, Tanké LB, Alexandersen P, Hansen HB, Qin G,
Christiansen C. The long-term predictive value of bone mineral density
measurements for fracture risk is independent of the site of measure-
ment and the age at diagnosis: results from the Prospective Epidemi-
ological Risk Factors Study. Osteoporos Int 2006;17:471-7.

Ho-Pham LT, Nguyen ND, Nguyen TV. Effect of vegetarian diets on bone
mineral density: a Bayesian meta-analysis. Am J Clin Nutr 2009;90:943-50.
Appleby P, Roddam A, Allen N, Key T. Comparative fracture risk in vege-
tarians and nonvegetarians in EPIC-Oxford. Eur J Clin Nutr 2007;61:1400-6.
Warensjo E, Byberg L, Melhus H, Gedeborg R, Mallmin H, Wolk A,
Michaélsson K. Dietary calcium intake and risk of fracture and oste-
oporosis: prospective longitudinal cohort study. BMJ 2011;342:d1473.
Key TJ, Appleby PN, Spencer EA, Roddam AW, Neale RE, Allen NE.
Calcium, diet and fracture risk: a prospective study of 1898 incident fractures
among 34 696 British women and men. Public Health Nutr 2007;10:1314-20.
Benetou V, Orfanos P, Zylis D, Sieri S, Contiero P, Tumino R, Giurdanella
MC, Peeters PH, Linseisen J, Nieters A, et al. Diet and hip fractures among
elderly Europeans in the EPIC cohort. Eur J Clin Nutr 2011;65:132-9.
Ho-Pham LT, Vu BQ, Lai TQ, Nguyen ND, Nguyen TV. Vegetarian-
ism, bone loss, fracture and vitamin D: a longitudinal study in Asian
vegans and non-vegans. Eur J Clin Nutr 2012;66:75-82.

Thorpe DL, Knutsen SF, Beeson WL, Rajaram S, Fraser GE. Effects of
meat consumption and vegetarian diet on risk of wrist fracture over 25
years in a cohort of peri- and postmenopausal women. Public Health
Nutr 2008;11:564-72.

Food and Nutrition Board, Institute of Medicine. Dietary Reference Intakes for
calcium and vitamin D. Washington, DC: National Academies Press, 2011.
Messina V, Melina V, Mangels AR. A new food guide for North
American vegetarians. J Am Diet Assoc 2003;103:771-5.

Norris J, Messina V. Vegan for life. Cambridge, MA: DaCapo Press, 2011.
Weaver CM, Proulx WR, Heaney R. Choices for achieving adequate dietary
calcium with a vegetarian diet. Am J Clin Nutr 1999;70(suppl):543S-8S.
Heaney RP, Dowell MS, Rafferty K, Bierman J. Bioavailability of the
calcium in fortified soy imitation milk, with some observations on
method. Am J Clin Nutr 2000;71:1166-9.

Andon MB, Peacock M, Kanerva RL, De Castro JA. Calcium ab-
sorption from apple and orange juice fortified with calcium citrate
malate (CCM). J] Am Coll Nutr 1996;15:313-6.

Kerstetter JE, Allen LH. Dietary protein increases urinary calcium.
J Nutr 1990;120:134-6.

Thorpe MP, Evans EM. Dietary protein and bone health: harmonizing
conflicting theories. Nutr Rev 2011;69:215-30.

Kerstetter JE, Kenny AM, Insogna KL. Dietary protein and skeletal
health: a review of recent human research. Curr Opin Lipidol 2011;22:
16-20.

020z Areniga4 'z uo 1senb Aq 9999/ St/S691/L 1ddns/0 | Aoeasge-|oie/udle/wod dnosolwapeoe//:sdny Wwolj papeojumoq



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

51.

52.

BONE NUTRIENTS FOR VEGETARIANS

Misra D, Berry SD, Broe KE, McLean RR, Cupples LA, Tucker KL,
Kiel DP, Hannan MT. Does dietary protein reduce hip fracture risk in
elders? The Framingham Osteoporosis Study. Osteoporos Int 2011;22:
345-9.

Sukumar D, Ambia-Sobhan H, Zurfluh R, Schlussel Y, Stahl TJ,
Gordon CL, Shapses SA. Areal and volumetric bone mineral density
and geometry at two levels of protein intake during caloric restriction:
a randomized, controlled trial. J Bone Miner Res 2011;26:1339-48.
Darling AL, Millward DJ, Torgerson DJ, Hewitt CE, Lanham-New SA.
Dietary protein and bone health: a systematic review and meta-anal-
ysis. Am J Clin Nutr 2009;90:1674-92.

Kerstetter JE, O’Brien KO, Caseria DM, Wall DE, Insogna KL. The
impact of dietary protein on calcium absorption and kinetic measures
of bone turnover in women. J Clin Endocrinol Metab 2005;90:26-31.
Hunt JR, Johnson LK, Fariba Roughead ZK. Dietary protein and cal-
cium interact to influence calcium retention: a controlled feeding study.
Am J Clin Nutr 2009;89:1357-65.

Genaro PS, Martini LA. Effect of protein intake on bone and muscle
mass in the elderly. Nutr Rev 2010;68:616-23.

Ceglia L, Harris SS, Abrams SA, Rasmussen HM, Dallal GE, Dawson-
Hughes B. Potassium bicarbonate attenuates the urinary nitrogen excre-
tion that accompanies an increase in dietary protein and may promote
calcium absorption. J Clin Endocrinol Metab 2009;94:645-53.
Lousuebsakul-Matthews V, Thorpe DL, Knutsen R, Beeson WL, Fraser
GE, Knutsen SF. Legumes and meat analogues consumption are as-
sociated with hip fracture risk independently of meat intake among
Caucasian men and women: the Adventist Health Study-2. Public
Health Nutr (Epub ahead of print 8 October 2013).

Fenton TR, Lyon AW, Eliasziw M, Tough SC, Hanley DA. Meta-
analysis of the effect of the acid-ash hypothesis of osteoporosis on
calcium balance. J Bone Miner Res 2009;24:1835-40.

Massey LK. Dietary animal and plant protein and human bone health:
a whole foods approach. J Nutr 2003;133(suppl):862S-5S.

USDA, Agricultural Research Service. USDA National Nutrient Da-
tabase for Standard Reference, release 25. 2012. Nutrient Data Labo-
ratory Home Page. Available from: http://www.ars.usda.gov/ba/bhnrc/
ndl (cited 14 February 2013).

. Wolpowitz D, Gilchrest BA. The vitamin D questions: how much do

you need and how should you get it? J Am Acad Dermatol 2006;54:
301-17.

Biancuzzo RM, Clarke N, Reitz RE, Travison TG, Holick MF. Serum
concentrations of 1,25-dihydroxyvitamin D2 and 1,25-dihydroxy-
vitamin D3 in response to vitamin D2 and vitamin D3 supplementation.
J Clin Endocrinol Metab 2013;98:973-9.

Logan VF, Gray AR, Peddie MC, Harper MJ, Houghton LA. Long-
term vitamin D3 supplementation is more effective than vitamin D2 in
maintaining serum 25-hydroxyvitamin D status over the winter months.
Br J Nutr 2013;109:1082-8.

Tripkovic L, Lambert H, Hart K, Smith CP, Bucca G, Penson S, Chope
G, Hypponen E, Berry J, Vieth R, et al. Comparison of vitamin D2 and
vitamin D3 supplementation in raising serum 25-hydroxyvitamin D
status: a systematic review and meta-analysis. Am J Clin Nutr 2012;95:
1357-64.

Holick MF, Biancuzzo RM, Chen TC, Klein EK, Young A, Bibuld D,
Reitz R, Salameh W, Ameri A, Tannenbaum AD. Vitamin D2 is as
effective as vitamin D3 in maintaining circulating concentrations of 25-
hydroxyvitamin D. J Clin Endocrinol Metab 2008;93:677-81.
Stephensen CB, Zerofsky M, Burnett DJ, Lin YP, Hammock BD, Hall
LM, McHugh T. Ergocalciferol from mushrooms or supplements
consumed with a standard meal increases 25-hydroxyergocalciferol but
decreases 25-hydroxycholecalciferol in the serum of healthy adults.
J Nutr 2012;142:1246-52.

Wang T, Bengtsson G, Kéarnefelt I, Bjorn LO. Provitamins and vitamins
D,and D; in Cladina spp. over a latitudinal gradient: possible corre-
lation with UV levels. J Photochem Photobiol B 2001;62:118-22.
Hamidi M, Boucher BA, Cheung AM, Beyene J, Shah PS. Fruit and
vegetable intake and bone health in women aged 45 years and over:
a systematic review. Osteoporos Int 2011;22:1681-93.

New SA. Intake of fruit and vegetables: implications for bone health.
Proc Nutr Soc 2003;62:889-99.

Xu L, Dibley M, D’Este C, Phillips M, Porteous J, Attia J. Food groups
and risk of forearm fractures in postmenopausal women in Chengdu,
China. Climacteric 2009;12:222-9.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

4758

Tucker KL, Hannan MT, Chen H, Cupples LA, Wilson PW, Kiel DP.
Potassium, magnesium, and fruit and vegetable intakes are associated
with greater bone mineral density in elderly men and women. Am J
Clin Nutr 1999;69:727-36.

Chen YM, Ho SC, Woo JL. Greater fruit and vegetable intake is as-
sociated with increased bone mass among postmenopausal Chinese
women. Br J Nutr 2006;96:745-51.

Prynne CJ, Mishra GD, O’Connell MA, Muniz G, Laskey MA, Yan L,
Prentice A, Ginty F. Fruit and vegetable intakes and bone mineral
status: a cross sectional study in 5 age and sex cohorts. Am J Clin Nutr
2006;83:1420-8.

Kaptoge S, Welch A, McTaggart A, Mulligan A, Dalzell N, Day NE,
Bingham S, Khaw KT, Reeve J. Effects of dietary nutrients and food
groups on bone loss from the proximal femur in men and women in the
7th and 8th decades of age. Osteoporos Int 2003;14:418-28.
Macdonald HM, Black AJ, Aucott L, Duthie G, Duthie S, Sandison R,
Hardcastle AC, Lanham New SA, Fraser WD, Reid DM. Effect of
potassium citrate supplementation or increased fruit and vegetable
intake on bone metabolism in healthy postmenopausal women: a ran-
domized controlled trial. Am J Clin Nutr 2008;88:465-74.
Lanham-New SA. The balance of bone health: tipping the scales in
favor of potassium-rich, bicarbonate-rich foods. J Nutr 2008;138
(suppl):172S-7S.

New SA. Do vegetarians have a normal bone mass? Osteoporos Int
2004;15:679-88.

Moseley KF, Weaver CM, Appel L, Sebastian A, Sellmeyer DE. Po-
tassium citrate supplementation results in sustained improvement in
calcium balance in older men and women. J Bone Miner Res 2013;28:
497-504.

Rafferty K, Heaney RP. Nutrient effects on the calcium economy:
emphasizing the potassium controversy. J Nutr 2008;138(suppl):166S—
718.

Jehle S, Zanetti A, Muser J, Hulter HN, Krapf R. Partial neutralization
of the acidogenic Western diet with potassium citrate increases bone
mass in postmenopausal women with osteopenia. ] Am Soc Nephrol
2006;17:3213-22.

Sahni S, Hannan MT, Gagnon D, Blumberg J, Cupples LA, Kiel DP,
Tucker KL. Protective effect of total and supplemental vitamin C in-
take on the risk of hip fracture—a 17-year follow-up from the Fra-
mingham Osteoporosis Study. Osteoporos Int 2009;20:1853-61.
Ahmadieh H, Arabi A. Vitamins and bone health: beyond calcium and
vitamin D. Nutr Rev 2011;69:584-98.

Taku K, Melby MK, Nishi N, Omori T, Kurzer MS. Soy isoflavones for
osteoporosis: an evidence-based approach. Maturitas 2011;70:333-8.
Ho SC, Woo J, Lam S, Chen Y, Sham A, Lau J. Soy protein consumption
and bone mass in early postmenopausal Chinese women. Osteoporos Int
2003;14:835-42.

Zhang X, Shu XO, Li H, Yang G, Li Q, Gao YT, Zheng W. Prospective
cohort study of soy food consumption and risk of bone fracture among
postmenopausal women. Arch Intern Med 2005;165:1890-5.

Koh WP, Wu AH, Wang R, Ang LW, Heng D, Yuan JM, Yu MC.
Gender-specific associations between soy and risk of hip fracture in the
Singapore Chinese Health Study. Am J Epidemiol 2009;170:901-9.
Shedd-Wise KM, Alekel DL, Hofmann H, Hanson KB, Schiferl DJ,
Hanson LN, Van Loan MD. The soy isoflavones for reducing bone loss
study: 3-yr effects on pQCT bone mineral density and strength mea-
sures in postmenopausal women. J Clin Densitom 2011;14:47-57.
Weaver CM, Martin BR, Jackson GS, McCabe GP, Nolan JR, McCabe
LD, Barnes S, Reinwald S, Boris ME, Peacock M. Antiresorptive ef-
fects of phytoestrogen supplements compared with estradiol or ri-
sedronate in postmenopausal women using (41)Ca methodology. J Clin
Endocrinol Metab 2009;94:3798-805.

Dhonukshe-Rutten RA, Pluijm SM, de Groot LC, Lips P, Smit JH, van
Staveren WA. Homocysteine and vitamin B12 status relate to bone
turnover markers, broadband ultrasound attenuation, and fractures in
healthy elderly people. J Bone Miner Res 2005;20:921-9.

McLean RR, Jacques PF, Selhub J, Fredman L, Tucker KL, Samelson
EJ, Kiel DP, Cupples LA, Hannan MT. Plasma B vitamins, homo-
cysteine, and their relation with bone loss and hip fracture in elderly
men and women. J Clin Endocrinol Metab 2008;93:2206—12.
Herrmann W, Obeid R, Schorr H, Hiibner U, Geisel J, Sand-Hill M, Ali
N, Herrmann M. Enhanced bone metabolism in vegetarians—the role
of vitamin B12 deficiency. Clin Chem Lab Med 2009;47:1381-7.

020z Areniga4 'z uo 1senb Aq 9999/ St/S691/L 1ddns/0 | Aoeasge-|oie/udle/wod dnosolwapeoe//:sdny Wwolj papeojumoq



