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Bone loss resulting in increased risk for osteoporosis is a major health issue worldwide. Chocolate is a rich
source of antioxidant and antiinflammatory flavonoids and dietary minerals with the potential to benefit
bone health. However, other chocolate constituents such as cocoa butter, sugar, and methylxanthines may
be detrimental to bone. Human studies investigating the role of chocolate consumption on serum bone
markers and bone mineral density (BMD) have been inconsistent. A contributing factor is likely the different

gﬁy Wolr‘is" composition and thereby the nutrient and bioactive content among chocolate types. White and milk choco-
Boggo ate late are high in sugar and low in flavonoids and most minerals. Dark chocolate (45—85% cocoa solids) is high
Flavonoids in flavonoids, most minerals, and low in sugar with >70% cocoa solids resulting in higher fat and methylxan-

Dietary minerals thine content. The aim of this review was to examine the relationship between chocolate consumption and
Cocoa butter its constiuents, including flavonoid content, on bone health and osteoporosis risk. Studies showed postmeno-
Sugar pausal women had no bone effects at moderate chocolate intakes, whereas adolescents consuming chocolate
Methylxanthine had greater longitudinal bone growth. Based on flavonoid and mineral content, unsweetened cocoa powder
appeared to be the best option followed by dark chocolate with higher cocoa content in terms of supporting
and preserving bone health. Determining dietary recommendations for chocolate consumption relative to
bone health is important because of the growing popularity of chocolate, particularly dark chocolate, and an
expected increase in consumption owing to suggestions of health benefits against various degenerative

diseases.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Media and consumer interest in chocolate and its constituents
as a functional food, a nutraceutical, or both, is due to studies indi-
cating a positive relationship between chocolate consumption and
reduced risk for cardiovascular disease [1—3]. The role of chocolate
as a functional food has focused primarily on its polyphenol con-
tent. However, it should be noted that chocolate and cocoa-based
beverages contain other nutritive constituents such as carbohy-
drates, lipids, and dietary minerals, as well as non-nutritive constit-
uents, oxalates, and methylxanthines, [4] with potential to
influence diet-related chronic diseases.

Osteoporosis is a degenerative skeletal disease caused by an
imbalance between bone formation and resorption, resulting in
bone mineral loss and microstructural deterioration that places
bones at increased risk for fracture [5]. An estimated 200 million
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people worldwide have osteopenia, reduced bone mineral density
(BMD) or osteoporosis (BMD > 2.5 SD below the mean for young
adults). This represents about one in three women and one in five
men >50 y of age [6]. In the United States, osteoporosis-related
morbidity and mortality is expected to increase 2.4-fold in women
and 3.1-fold in men by 2050. The authors attributed the greater
projected increase of osteoporosis in men to their improved life
expectancy [7]. Treatments for osteoporosis include medications
and hormone therapy [8]. However, the high cost of drugs, incon-
venient dosing regimens, and potential side effects (e.g., esophagi-
tis, gastrointestinal symptoms) often result in poor compliance [9].
Nutrients important to bone health such as vitamin D, calcium,
phosphorus, magnesium, and trace minerals (e.g., copper, zinc, and
iron) are readily available in the diet or as dietary supplements
[10,11]. Diets that promote bone health have mainly focused on
increasing calcium and vitamin D consumption [12], but there is
growing interest in phytochemicals.

Dietary polyphenols consist of a large group of plant-derived
secondary metabolites divided into four different classes, one of
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which is the flavonoids (diphenylpropanes Cg-C3-Cg). Flavonoids
contain several classes of bioactive compounds [13] (Fig. 1).
Evidence has demonstrated that intake of specific flavonoids may
promote bone health. These include soybean isoflavones (e.g.,
genistein and daidzein), flavonols (e.g., aglycone quercetin) found
in plums, and flavonones (e.g., hesperidin) found in citrus pulp and
juice [14—16]. Another food source noted for its flavonoid content
is chocolate [17]. Cocoa, a major constituent in chocolate, has the
highest flavanol content of all foods on a per-weight basis and con-
tributes to greater total dietary intake of flavonoids than tea, fruits,
and vegetables [18,19].

Western Europe and the United States are among the countries
with the highest chocolate consumption with a maximum of 9 kg/y
(~209 regular size 43 g or 1.5 oz chocolate bars per person) in
Switzerland and 4.3 kg/y in the United States [20]. Consumption
patterns indicate that ~15% of women 40 to 49 y of age consume
chocolate at least once every 3 d [21]. This represents a significant
proportion of the population at risk for developing osteoporosis
because bone is lost at a rate of ~0.2% to 0.5% per year after the age
of 40 to 45 y, with bone loss in women accelerated by 2% to 5%
immediately before menopause [22,23]. The aim of this study was
to review evidence of a potential role of consuming chocolate, its
flavonoid content, and other chocolate constituents in bone health
and osteoporosis risk.

Biological plausibility

In a cross-sectional study conducted in Scotland on postmeno-
pausal women (N=5119, 45-54 y of age), flavonoid intake was
associated with higher hip (r=0.054, P < 0.05) and lumbar spine
(r=0.036, P < 0.05) BMD [24]. Flavonoid intake was mainly attrib-
uted to tea drinking (57%) and the flavonol; catechin was identified
as the main flavonoid consumed. Another rich source of flavonoids
are cocoa beans, ~37% of which are comprised of catechins [25].
(—)—epicatechin accounts for ~35% of the total phenolic content
and ranged from 43.3 in raw to 34.6 mg/g in processed cocoa beans

[25]. As a cocoa bean—containing product, chocolate is also a rich
source of flavonoids with flavanols represented as enantiomers of
(+)—catechin and (—)—epicatechin and their derivatives (Fig. 1).
Halvorsen et al. [26] ranked 50 food products consumed in the
United States for their antioxidant content and reported that 5
were chocolate-based foods. The antioxidant properties of choco-
late have implications for bone health because chronic bone loss
often is accompanied by oxidative stress and inflammation [27].

Both animal models and human clinical trials have reported an
inverse association between reactive oxygen species (ROS) and
bone health [28,29]. ROS can affect bone cells in various ways,
including stimulation of osteoblast apoptosis and senescence and
by upregulation of receptor activator of nuclear factor k-B ligand
(RANKL) to activate osteoclast differentiation and bone resorption
[14]. The potential for catechins to act as antioxidant and antiin-
flammatory therapeutic agents for preserving bone health has
been demonstrated in vitro. Primary human osteoblasts cultured in
ROS-inducing cigarette smoke medium treated with catechin doses
of 50, 100, and 200 pg/mL significantly reduced ROS formation
[30]. Proinflammatory cytokines, interleukin (IL)-1, IL-6, and tumor
nuclear factor (TNF)-a are among the important regulators of bone
resorption and have been suggested to play a role in age and estro-
gen deficiency-related bone loss [31]. In an in vitro study, addition
of TNF-a to osteoblastic MC3T3-E1 cells stimulated inflammatory
cytokine IL-6, thereby promoting osteoblast apoptosis [32]. Treat-
ment with 10~> M (+)—catechin reduced cytoplasmic TNF-a. con-
centration by 32%, increased osteoblast survival by 43%, and
increased alkaline phosphatase, a marker of osteoblast activity. The
authors concluded that catechins preserved bone-forming osteo-
blasts by exerting antiinflammatory actions. In a crossover study
involving normal and hypercholesterolemic individuals, consump-
tion of cocoa powder mixed in milk 15 g (1 tbsp) twice daily for
4 wk significantly decreased serum inflammatory biomarkers for
IL-1 compared with milk alone [33]. Based on these studies, anti-
inflammatory and antioxidant properties of flavonoids indicate the
potential for chocolate to promote bone health.

Dietary Polyphenols
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Fig. 1. Polyphenol classification. Dietary polyphenols consist of a large group of plant-derived secondary metabolites divided into four different classes, one of which is the

flavonoids. Within each class of flavonoids there are various compounds.
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Studies on chocolate consumption and bone health

Although studies have investigated the consumption of flavored
milk such as chocolate milk as a strategy to increase milk and cal-
cium consumption in children [34], these studies did not include
an assessment of bone status. This is important because bone min-
eral accrual during childhood and adolescence is a key determinant
of future risk for osteoporosis [10]. In a randomized double-blind,
placebo-controlled study, prepubertal (n=149, 6.6-9.4 y of age)
girls consumed two calcium-supplemented food products daily to
achieve a calcium dose of 850 mg/d [35]. Results showed consum-
ing calcium-supplemented chocolate bars, cakes, or cocoa bever-
ages for 48 wk significantly increased height and bone mass
acquisition in the radius and femur. Dietary intervention to
increase calcium intake using these foods resulted in high compli-
ance (75%), and higher bone mass was maintained 1 y past termi-
nation of the intervention [35]. Based on the study results,
chocolate can play a role in promoting bone mass in prepubertal
girls (Table 1). However, potential mechanisms to explain greater
bone mass and stature were not investigated.

A preclinical study that included a potential mechanism of neg-
ative effects on bone growth was conducted using Balb/c mice [36].
Feeding murine dams a chow diet supplemented with 400 mg
unsweetened chocolate during pregnancy and lactation resulted in
progeny with significantly shortened forefeet and hind limbs. Vas-
cular endothelial growth factor, which plays a role in ontogenesis
and longitudinal bone growth related to angiogenesis in the epiph-
yseal growth plate, was significantly reduced in the femora of
immature (4 wk of age) mice pups exposed perinatally to chocolate
[36]. A follow-up study investigating the relationship of the choco-
late constituent, catechins on angiogenesis and bone mineraliza-
tion in the progeny of murine dams fed chocolate showed a
negative correlation (r=-0.62, P < 0.05) between embryo tissue
epigallocatechin concentration and mean number of newly formed
blood vessels [37]. Crystallinity of compact bone of diaphyses was
17% greater, and femoral epiphyseal cancellous bone was 30%
greater in pups 4 wk of age exposed perinatally to chocolate com-
pared with pups from control dams. The authors suggested that
the antiangiogenic activity of chocolate catechins disturbed the

processes of bone elongation and mineralization [37]. However, it
should be noted chocolate intake by pregnant mice in both studies
was 400 mg, which is the equivalent to daily consumption of 8.7
average-sized 46 g (1.6 oz) chocolate bars.

Lau and Ooi [38] investigated the effect of a chocolate malt
drink on bone markers in healthy young men (N =40, age 19-25y)
undertaking circuit training or remaining sedentary. Results
showed a daily dose of 45 g of chocolate malt powder in water for
6 wk had no significant effect on the sedentary group. Men who
trained and consumed the chocolate malt exhibited reduced
(P < 0.05) bone resorption marker serum C-telopeptide of type I
collagen (1-CTP). In contrast, a study of healthy young women
(N =44, age 19-25 y) undertaking aerobic dance training and pro-
vided daily chocolate malt powder in water for 8 weeks had no sig-
nificant effects on 1-CTP but increased (P < 0.01) bone formation
marker serum alkaline phosphatase [39]. Differences in effects of
chocolate consumption on bone turnover markers between the
studies were suggested to be due to sex differences. Also, the
women consumed the chocolate malt drink for a longer duration.
The chocolate malt powder in both studies contained milk and
cocoa, which is a good source of flavonoids and minerals. Another
study focused on a specific chocolate constituent [40]. Healthy,
overweight, or obese premenopausal women (N=50, age
30.3-42.2 y) following an energy-restricted diet and consuming a
high flavanol cocoa beverage (280 mg flavanols/d; 60 kcals/d) and
two dark chocolate snacks (Hershey's Extra Dark, 60% cacao;
90 kcals/d; 240 mg/flavanols/d) for 18 wk showed a significant
increase in hip and forearm BMD (P < 0.01) and significant
decreases in serum inflammatory cytokine TNF-a but no effect on
oxidative stress. However, changes were not significantly different
compared with women provided an energy-restricted diet without
additional flavanols. Results indicated that the cocoa beverage and
dark chocolate did not provide benefits to biomarkers of bone turn-
over, BMD, oxidative stress, and inflammation above that provided
by weight loss [40]. These studies involved young individuals,
whereas chronic bone loss owing to oxidative stress is associated
with aging.

A 5-y prospective, randomized controlled trial involving older
western Australian women (N=1001, age 70—85 y) investigated

Table 1
Studies investigating effect of chocolate consumption on bone health
Participants Chocolate dose Results References
Prepubertal girls Calcium (850 mg/d) + chocolate bar, cakes, 4 height Bonjour et al., 1997 [35]

Age6.6-94y or cocoa beverage 48 wk

N=149

Young men 45 g/d chocolate malt beverage 6 wk
Age 19-25y

N=44

Premenopausal women
Age 19-25y
N=44

45 g/d chocolate malt beverage 8 wk

Premenopausal women

Age 30-48y 60% cocoa/d; 90 kcals/d 18 wk
N=60
Postmenopausal women Chocolate + cocoa beverage
Age 70-85y <1 cup/wk
N=1001 1-6 cups/wk

>1 cup/d

cocoa beverage 60 kcals/d +2 dark chocolate bars

4 femur bone mass

4 radius bone mass

NS serum alkaline phosphatase
NS serum osteocalcin

NS serum total calcium

NS C-telopeptide 1 collagen
4 serum alkaline phosphatase
NS serum osteocalcin

NS serum total calcium

NS C-telopeptide 1 collagen
4 hip BMD

4 forearm BMD

| TNF-a

NS heel BMD

>1 cup/d

| tibia BMD

| total hip BMD

| femoral neck BMD

| trochanter BMD

| intertrochanter BMD

| whole body BMD

Lau and Ooi, 2014 [38]

Atiqah et al., 2015 [39]

Piehowski, 2011 [40]

Hodgson et al., 2008 [41]

BMD, bone mineral density; NS, non-significant; TNF, tumor necrosis factor.
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the effects of calcium supplementation on bone density and
strength [41]. Australia is ranked seventh among countries with
high chocolate consumption [20]. The women reported their esti-
mated weekly chocolate or cocoa beverage intake using a food fre-
quency questionnaire. Chocolate and cocoa beverage intakes were
categorized as daily at >1 cup/d, moderate at 1 to 6 cups/wk, or
rarely at <1 cup/wk. Measurement of heel bone density and
strength using calcaneal quantitative ultrasonography showed no
differences among individuals who consumed chocolate daily,
moderately, or rarely. However, tibia bone density and strength
determined by peripheral quantitative computed tomography
were significantly lower in postmenopausal women categorized as
having daily chocolate consumption than in those whose con-
sumption was rare [41]. BMD measurements using dual-energy
x-ray absorptiometry showed an inverse association between choco-
late consumption for total hip, femoral neck, trochanter, intertro-
chanter, and whole body BMD. Based on these results, the authors
concluded that daily (=1 cup/d) chocolate consumption increased
the risk for lower bone density and strength in older postmeno-
pausal women. Study participants who reported consuming choco-
late daily had higher socioeconomic status and exhibited lower
body weights and body mass index values despite greater total calo-
ric, saturated fat, total carbohydrate, and sugar intake associated
with chocolate consumption. Other lifestyle factors such as physical
activity levels that contribute to weight and bone status were not
monitored during the 5 y intervention. Limitations of this study
included reliance on self-reporting, estimates of dietary intakes, and
not specifying the type of chocolate consumed. The type of chocolate
consumed is an important dietary factor to consider because the
ingredients and processing methods used in the manufacture of dif-
ferent chocolates results in varying polyphenol contents [42].

Chocolate polyphenol content

Cacao (Theobroma cacao) refers to the raw unprocessed bean
from the cacao fruit tree. Cocoa bean is the term used after the
cacao bean has undergone processing to obtain the ingredient used
in chocolate manufacturing [43]. Variety and genetics of the cacao
bean influences its polyphenol content. Even within a cacao spe-
cies, polyphenol content is variable owing to factors such as the
growing region, climatic conditions during growth, maturity at
harvest, and storage time. Oracz et al. [44] has reviewed the influ-
ence of these factors on polyphenol content. The polyphenol con-
tent of cacao bean is ~10% dry weight making cacao bean and
cocoa-containing products a rich source of dietary polyphenols
[45]. Lee et al. [18] reported cocoa contains higher total flavonoids

Table 2

per serving than red wine or black and green tea and demonstrated
the highest antioxidant activity in in vitro assays. Cocoa is rich in
flavonoids mainly consisting of the flavanols (—)—epicatechin and
(+)—catechins (Table 2). However, polyphenols are also responsible
for the bitter and astringent taste of cacao beans. To produce cocoa
and cocoa products that are more palatable to consumers, cacao
beans undergo processing [46].

Immediately after harvest, cacao beans undergo fermentation
for flavor development [47]. Cacao beans generally require 2-7 d of
fermentation for flavor development [44]. De Brito et al. [48]
reported a 24% decrease in total polyphenol content after 60 h of
fermentation and a 58% decrease after 8 d of fermentation. After
fermentation, cocoa beans are dried to decrease microbial growth.
Fermented dried cocoa beans are then roasted at 100°C to 150°C
either whole or as nibs (deshelled broken pieces). Roasting plays
an important role in the formation of characteristic aromatic com-
pounds [49]. Roasted cocoa beans or nibs are then ground to cocoa
liquor for use in the manufacture of chocolate. Semisweet or bitter-
sweet chocolate, often referred to as dark chocolate, contain <35%
by weight of cocoa liquor [4]. Milk chocolate contains 10% to 12%
cocoa liquor with the addition of condensed or powdered milk and
sugar. White chocolate contains only cocoa butter (20% by weight)
combined with sweeteners and milk ingredients. To make cocoa
powder, cocoa liquor is mechanically pressed to expel cocoa butter
leaving a solid cake, which is then ground into cocoa powder for
use in chocolate syrups, beverages, and baked goods [50].

Both cocoa powder and cocoa liquor can be further modified by
alkali treatment or “Dutching,” which darkens the cocoa ingre-
dients and reduces bitterness [51]. Payne et al. [52] compared the
effect of cacao bean processing on flavonoids and the major flava-
nol enantiomers, epicatechin, and catechin. Drying had a minimal
effect on the epicatechin and catechin content, whereas fermenta-
tion of cocoa beans resulted in a >80% reduction of catechin and
epicatechin content. Roasting cocoa beans at temperatures >70°C
resulted in the loss of epicatechin. However, catechin content
increased when roasting temperatures reached 120°C owing to
increased epimerization of epicatechin to catechin. The processing
step that produced the greatest reduction of flavanols was alkaliza-
tion, which decreased catechin content by 80% and epicatechin
content by up to 98%. Miller et al. [50] determined total polyphenol
content, flavanol, and antioxidant activity in five unprocessed and
15 commercially available alkalized cocoa powders. Flavanol con-
tent in unprocessed cocoa powder was 34.6 + 6.8 mg/g compared
with 13.8 + 7.3 mg/g in lightly alkalized cocoas, 7.8 + 4 mg/g in
medium alkalized powders and 3.9 + 1.8 mg/g in heavily alkalized
powders. Similarly, total polyphenol content was higher in the less

Flavonoid content of different types of chocolate and cocoa powders from the USDA National Nutrient Database for Standard Reference

Food description Flavonoids Number of samples Mean + SEM (mg/100g)
Cacao beans (—)—Epicatechin 3 99.18 = NA
(+)—Catechin 3 88.45 £ NA
Cocoa, dry powder, unsweetened (—)—Epicatechin 13 196.43 + 45.38
(+)—Catechin 13 64.82 + 14.53
Quercetin 11 10.00 + 2.36
Cocoa, dry powder, unsweetened, processed with alkali (—)—Epicatechin 12 56.60 + 15.76
(+)—Catechin 12 36.71 £9.91
Quercetin 10 3.37 £ NA
Baking chocolate, unsweetened (—)—Epicatechin 6 141.83 +£23.58
(+)—Catechin 6 64.33 + 15.49
Dark chocolate (—)—Epicatechin 5 84.40 £ 13.54
(+)—Catechin 5 24.20 +5.70
Milk chocolate (—)—Epicatechin 9 10.88 + 2.68
(+)—Catechin 9 416+ 1.21

NA, not available.
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processed and less alkalized cocoa powders. Unprocessed cocoa
powder had the highest antioxidant capacity as determined by
oxygen radical absorbance capacity score, whereas heavily alkal-
ized powder had the lowest oxygen radical absorbance capacity
score. Collectively, results indicated that alkalization decreased the
amount of flavanols, total polyphenol content, and antioxidant
activity [50]. However, alkalized cocoa powders are typically used
in non-confectionery applications, and alkalized cocoa liquors are
not commonly used as major ingredients in the manufacture of
chocolate confections [53].

Depending on the processing method, chocolate can contain
large amounts of flavonoids, particularly catechins and epicate-
chins [54]. According to the US Department of Agriculture (USDA)
[55], (+)—catechin content in descending order was cacao beans,
cocoa powder, baking chocolate, alkalized cocoa powder, and choc-
olate confection (Table 2). In the US diet, chocolate is a major con-
tributor of antioxidants after fruits and vegetables [45]. Vinson et
al. [56] reported a positive relationship between non-fat cocoa sol-
ids and antioxidant activity. Miller et al. [57] reported non-fat
cocoa solids were highest in cocoa powder (72—-87%), followed by
dark chocolate (20—-30%), semisweet chocolate (15—-19%), and milk
chocolate (5—7%). Using 40 g (1.4 oz) of chocolate as the reference,
milk chocolate provides 394 mg polyphenol antioxidants, whereas
a similar serving of dark chocolate provides 951 mg polyphenol
antioxidants. According to the USDA [55] data, dark chocolate is
higher in both the flavanols (—)—epicatechin and (+)-—catechin
than milk chocolate (Table 2). However, the most popular of type
of chocolate consumed in the United States is milk chocolate
[53,56]. Therefore, identifying the type of chocolate consumed in
studies is important.

Other chocolate constituents

In addition to flavonoid content, chocolate is a rich source of
other bioactive compounds with the potential to exert either posi-
tive or negative osteogenic effects. Although chocolate is low in
vitamins important for bone health, cocoa powder is used to flavor
milk to encourage consumption of milk as a good source of vita-
mins A and D as noted by the 2015—-2020 Dietary Guidelines for
Americans. Recently, Kuhn et al. [58] suggested that food composi-
tion databases should be updated to show chocolate is a source of
vitamin D: highest to lowest values were dark chocolate (3.95 +
1.58 ug/100 g) then milk chocolate (1.96 + 0.37 wg/100 g) then
white chocolate (1.35 + 0.568 j.g/100 g).

Dietary mineral content

Calcium is required for appropriate mineralization of the skele-
ton [59]. In a study by Hodgson et al. [41], women categorized as

having daily (=1 cup/d) compared to rare (<1 cup/d) chocolate
consumption showed no significant differences in calcium intake.
However, calcium content can range from 14 to 281 mg/100 g
depending on the type of chocolate. As shown in Table 3, among
the different types of chocolates analyzed, white chocolate
contained the highest amount of calcium. Sodium content was also
highest in white chocolate, which may influence calcium bioavail-
ability if part of a high-sodium diet. In a randomized crossover trial,
postmenopausal women (n =11, age 59—-73 y) who were provided
a high calcium (1,284 mg/d) and high sodium (11.2 g/d) diet had
increased urinary calcium excretion (P=0.0008) and negative
bone calcium balance (P < 0.02) compared with postmenopausal
women consuming a low calcium (518 mg/d) and low sodium
(3.9 g/d) diet [60].

Another important mineral, magnesium is key for bone crystal
growth and stabilization and playing a role in the vitamin D para-
thyroid hormone axis [59]. A meta-analysis pooling 12 studies
found significant positive correlations between magnesium intake
and femoral neck BMD (r=0.14; 95% confidence interval [CI],
0.001-0.02) and total hip BMD (r=1.92; 95% CI, 0.18—4.55) [61].
Chocolate provides a significant amount of magnesium with a typi-
cal serving (44 g; 1.55 oz) of dark chocolate providing 15% of the
magnesium recommended dietary allowance (RDA) for adults [62].
Unexpectedly, in the Hodgson study [41], postmenopausal women
categorized as having moderate chocolate intake (1-6 cups/wk)
showed significantly lower magnesium intake than those catego-
rized with rare (<1 cup/d) chocolate intake. However, magnesium
content differs depending on the type of chocolate. As shown in
Table 3, cocoa powder had the highest magnesium content,
then dark chocolate with higher percent cocoa solids, then milk
chocolate, followed by white chocolate with the lowest magnesium
content.

Trace elements copper and zinc also are essential for normal
skeletal development [63]. Copper inhibits bone resorption
through its action as a cofactor for superoxide dismutase. In addi-
tion, copper-dependent lysyl oxidase is required for the formation
of lysine-derived crosslinks in collagen and elastin in bone [64]. A
study of male and female participants from the National Health
and Nutrition Examination Survey (2011-2014; N=722, age
449-68 y) demonstrated that lower serum copper levels (<98.5
pg/dL) were associated with lower femoral neck (P=0.02) and
total femur BMD (P=0.007) [65]. It has been estimated that choco-
late contributes 9.4% of the daily copper intake for Americans [66].
Per serving (mg/100 g), cocoa powder had the highest copper con-
tent, followed by dark chocolate with higher percent cocoa solids,
then milk chocolate, and white chocolate provides the lowest
amount of copper (Table 3). Cocoa powder (15 g; 1 tbsp) provides
up to 82% of the RDA for copper, dark chocolate (28.3 g; 1.9 tbsp)
containing >70 cocoa solids provides up to 70%, milk chocolate

Table 3

Mineral content of different types of chocolate and cocoa powder
Chocolate Source* Number of Total Minerals Na Ca P Mgmg/100g Cu Zn Fe

samples (g/100 mg)

Cocoa powder, unsweetened 3-9 5.80 + 0.55 21+3 128 +8 743 +19 499 + 11 379+015 6.81+025 13.86+1.61
Dark chocolate (70—85% cocoa) 2 2.324+0.49 2042 73+ 4 308 + 16 228+ 14 1.77+£000 331+£020 11.90+1.1
Dark chocolate (60—69% cocoa) 6 1.90 £ 0.01 10+£1 62+3 206 + 1 176 £3 125+012 265+001 6.32+0.07
Dark chocolate (45-59% cocoa) 5 1.70 £ 0.01 2444 56+ 4 206 +2 146 £2 1.03+0.01 2.01+002 8.02+0.06
Milk chocolate 27 1.78 £0.03 79+8 189+0 208 +6 63+3 049+0.08 230+1.00 235=+1.00
White chocolate 3 1.50 £ NA 90 + NA 199 £ NA 176 £NA 12+ NA 0.06 - NA  0.74 +NA 0.24 £ NA
RDA 1200-1500 1000-1300 700-1250 240-420 0.7-0.9 8-11 8-18

Ca, calcium; Cu, copper; Fe, iron; Mg, magnesium; NA, not available; P, phosphorus; RDA, recommended dietary allowance; Na, sodium; Zn, zinc.
*Values are the mean + SEM based on the USDA National Nutrient Database for Standard Reference and Canadian Nutrient Files.
https://ndb.nal.usda.gov/ndb/search/list, Canadian Nutrient File https://food-nutrition.canada.ca/cnf-fce/index-eng.jsp.
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(44 g; 1.55 oz bar) provides up to 31%, whereas white chocolate
(85 g; 3 oz bar) provides only 7% of the RDA for copper [67,68].

The bone matrix consists of zinc-containing hydroxyapatite
crystals that play a structural role. Zinc also directly activates ami-
noacyl-tRNA synthetase in osteoblastic cells, stimulates cellular
protein synthesis for osteoblastic activity, and promotes bone min-
eralization by acting as a cofactor for alkaline phosphatase [69]. A
randomized double-blind, placebo-controlled trial consisting of
healthy premenarchal girls (N =174, aged 9—11 y) consuming a daily
oral zinc tablet (9 mg) for 4 wk significantly increased serum procol-
lagen type 1 amino acid terminal propeptide (a bone formation
marker) compared with placebo [70]. In a study investigating the
effects of zinc supplementation (50 mg/d) in healthy men (N =20,
age 24—29 y), bone-specific alkaline phosphatase (a marker of bone
formation) was increased by 11% after 6 wk [71]. Among the different
types of cocoa products, cocoa powder had the highest zinc content.
Dark chocolate and milk chocolate provided similar amounts of zinc,
whereas white chocolate provided the least (Table 3). Cocoa powder
(15 g; 1 tbsp) provides up to 13%, dark chocolate (28.3 g; 1.9 tbsp)
containing >70 cocoa solids provides up to 11%, milk chocolate
(44 g; 1.55 oz bar) provides up to 12.5%, and white chocolate (85 g;
3 oz bar) provides <1% of the RDA for zinc [67].

Iron plays an important role in collagen synthesis and osteo-
blast function [72]. Harris et al. [73] reported that increased iron
intake by healthy postmenopausal women (N =242, age 50-60.4
y) was associated with greater (P < 0.01) BMD at all skeletal sites.
Cocoa powder (6 g; 0.4 tbsp) can provide 0.9 to 2.4 mg iron, a nutri-
tionally significant amount. As shown in Table 3, cocoa powder had
the highest amount of iron, followed by dark chocolate with higher
cocoa solids, then milk chocolate, whereas white chocolate pro-
vided the lowest iron content. The RDA for iron intake is 8 to
18 mg/d depending on life stage. Cocoa powder (15 g; 1 tbsp) pro-
vides 12% to 26%, dark chocolate (28.3 g; 1.9 tbsp) containing >70%
cocoa solids provides 18% to 42%, milk chocolate (44 g; 1.55 oz bar)
provides 22% to 48%, and white chocolate (85 g; 3 oz bar) provides
<1% of the RDA for iron [67]. Determination of iron bioavailability
in cocoa powder using a rodent model reported moderate bioavail-
ability [74].

Collectively, studies showed that chocolate, particularly cocoa
powder and dark chocolate with higher percent cocoa solids can
provide a source of several dietary minerals important for bone
health. However, oxalates are known to bind and reduce mineral
absorption. Noonan and Savage [75] reported oxalate content in
chocolate is high, ranging between 500 and 900 mg/100 g. Oxalate
content in cocoa powder ranged between 721 and 737 mg/100 g,
whereas total oxalate content for dark chocolates ranged from 155
to 485 mg/100 g; other types of chocolate were not analyzed. Addi-
tionally, mineral absorption and excretion can be influenced by
other chocolate components.

Fat content

The lipid content of chocolate is due to the cocoa butter content
in the cocoa bean and added milk powder and vegetable oils [76].
Among different types of chocolates, total fat content was highest
in dark chocolate and white chocolate (Fig. 2A). The major contrib-
utor to the fat content in chocolate is cocoa butter with one-third
of the lipid in cocoa butter comprised of the saturated fatty acid
(SFA) stearic acid (18:0) [62]. Cocoa butter is also rich in palmitic
acid (16:0), followed by monounsaturated fatty acids (MUFAs),
mainly oleic acid (18:1w-9), whereas polyunsaturated fatty acids
(PUFAs), mainly as a-linolenic acid (18:3w-3), comprise only a
small amount (Fig. 3A). A meta-analysis of observational studies
showed a significant positive association between SFA and hip

fracture risk (1.79; 95% CI, 1.05-3.03; P=0.03). The authors sug-
gested mechanisms for negative bone effects of SFA intake included
reduced calcium absorption, increased urinary calcium excretion,
increased osteoclast survival, and inhibition of differentiation of
marrow mesenchymal cells into osteoblasts [77].

Hodgson et al. [41] reported that fat intake was higher
(P < 0.001) in postmenopausal women with daily (>1 cup/d) or
moderate (1-6 cups/wk) compared with rare (<1 cup/wk) choco-
late consumption. Despite varying fat content and fatty acid com-
position, the type of chocolate was not specified. Among different
types of chocolate, dark chocolate containing 70% to 85% cocoa sol-
ids has the highest amount of SFA (Fig. 3B) and MUFA (Fig. 3C),
which decreased with lower percentage cocoa solids content.
A meta-analysis of human studies concluded no significant associa-
tion of MUFA intake and risk for bone fractures [76]. On the other
hand, the Woman's Health Initiative, consisting of a cohort of post-
menopausal women (N =137 465, age 50—79 y), reported consum-
ing PUFA «-linoleic acid (0.84 g/d) resulted in a significant
reduction in total bone fracture risk [78]. Potential beneficial bone
effects of PUFA intake include improving calcium balance, reducing
proinflammatory prostaglandin synthesis, and promoting osteo-
blast formation [79]. White chocolate had the highest a-linoleic
acid content among different types of chocolates (Fig. 3D). Because
lipid content and fatty acid composition differ, it is important that
future studies identify the type of chocolate consumed.

Sugar content

Postmenopausal women categorized as having high chocolate
consumption (>1 cup/d) had higher sugar intake than women cat-
egorized as having moderate (1-6 cups/wk) or rare (<1 cup/wk)
chocolate consumption [41]. Sugar is added to reduce the bitter
taste of cocoa [53]. As expected, unsweetened cocoa powder con-
tains the lowest total sugar. For dark chocolate, total sugar content
increased as percent cocoa solids decreased. Among different types
of chocolates, total sugar content was highest in white chocolate
followed by milk chocolate (Fig. 2B). The addition of sugar can also
effect bioavailability of other chocolate constituents. Interestingly,
human and animal studies reported that consumption of cocoa
with sugar increases the bioavailability of flavanols [80,81].

To our knowledge, few human studies have investigated sugar
intake on bone health. A review of preclinical evidence concluded
that high sugar intake generally resulted in negative bone effects
[82]. A potential mechanism is that high sugar intake induces
hyperinsulinemia. Prolonged hyperinsulinemia increased calcium
excretion owing to decreased calcium reabsorption by renal cells
and in turn, this may lead to bone loss over time [83]. A cross-
sectional population-based study of healthy adults (N=1153, age
18-69 y) showed daily consumption of 100 g (3.5 oz) of chocolate
reduced insulin resistance (IR), regardless of sex and age [84]. The
authors suggested flavanols and related polyphenolic antioxidants
in chocolate counteracted IR by increasing nitric oxide bioavailabil-
ity [84]. Type of chocolate consumed in the study was not available
to determine whether sugar content was a factor. IR is symptom-
atic of type 2 diabetes and lower sugar intake is recommended. A
study conducted on a large cohort of postmenopausal US women
(N=92 678, age 56—71.2 y) reported moderate consumption of
28 g (1 oz) chocolate between 1.5 and 3 times per month signifi-
cantly reduced diabetes risk, but not at the higher chocolate intakes
of more than three times per week [85]. Type of chocolate con-
sumed was unavailable to assess whether loss of protective effects
at higher intake may be due to higher sugar intake.

Brand-Miller et al. [86] reported that adding cocoa powder to dif-
ferent foods produced greater insulinemia, regardless of the food
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Fig. 2. Macronutrient content of different types of chocolates: (A) total fat content, (B) total sugar content.

source or the overall composition of the food (e.g., sugar, fat, protein,
fiber, or energy density). In a crossover trial of healthy men (N =19,
age 37—-49 y) receiving either dark chocolate (100 g; 3.5 oz/d) con-
taining 88 mg flavanols or flavanol-free white chocolate (90 g;
3.1 oz/d) for 15 d (chocolates were adjusted to provide 480 kcal
energy and similar amounts of macronutrients, cocoa butter, fiber,
and minerals), dark chocolate consumption reduced IR indicating
flavanols was the beneficial chocolate ingredient [87]. Collectively,
studies suggested moderate dark chocolate consumption, whether
owing to its high antioxidant flavonoids or lower sugar content,
potentially exerts metabolic effects that can benefit bone health.

Methylxanthine content

A major effect of methylxanthines is the regulation of cal-
cium concentration within cells by stimulating release of stored

calcium from the body [88]. Because 99% of the calcium in the
body is stored in bone, high consumption of methylxanthines
may potentially lead to bone mineral loss. Postmenopausal
women with daily chocolate consumption (>1 cup/d) reported
deleterious bone effects. The authors suggested methylxan-
thines may have been a contributing factor, but this was not
analyzed in the study [41].

Methylxanthines comprise caffeine, theobromine, and theoph-
ylline [88]. Caffeine has been shown to reduce calcium absorption,
increase calcium excretion in urine, and decrease vitamin D-
stimulated osteoblast alkaline phosphatase activity [89,90]. Studies
comparing different chocolates reported the highest caffeine con-
tent in dark chocolate (87.5-62.5 mg/100 g) followed by cocoa
powder (48.9 mg/100 g), then milk chocolate (5.6 mg/100 g)
[91,92]. Sanchez [93]| measured caffeine content in different brands
of white, milk, and dark chocolate with 50% to 85% cocoa
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commercially available in Spain. Caffeine content increased as the
percentage of cocoa increased from 5 to <150 mg/100 g. According
to the USDA database [56], caffeine was highest in cocoa powder fol-
lowed by dark chocolate containing 70% to 85% cocoa solids with
half the amount in dark chocolate containing 60% to 69% cocoa solids
and the lowest amount in milk chocolate, whereas white chocolate
had no detectable amounts (Fig. 4A). However, chocolate contributes
comparatively little caffeine to the estimated mean daily caffeine
intake of 280 mg for a 70 kg individual in the United States [94].
Standard US values reported that chocolate milk (6 oz serving) pro-
vides 4 mg caffeine and chocolate confections (0.3 g; 1 oz serving)
provide <1.5 to 6 mg caffeine compared with ground roasted coffee
(5 oz serving), which provides 85 mg caffeine; tea (5 oz serving),
which provides 30 mg caffeine for leaf/bag; or soft drinks (6 oz serv-
ing), which provide 18 mg caffeine [94].

Theophylline was not detectable in cacao bean, cocoa bean, or
cocoa products such as chocolate [90,95]. On the other hand, 2% to
3% of cocoa bean weight is theobromine, which has high bioavail-
ability and resists degradation during cocoa processing [88]. Theo-
bromine content in chocolate is higher than in coffee, tea, and
carbonated beverages [91]. Among different types of chocolate,
theobromine content was reported to be highest in dark chocolate
(500-750 mg/ 100 g), then cocoa powder (462.1 mg/ 100 g), and
lowest in milk chocolate (100.4 mg/100 g) [91,92]. Meng et al. [96]
also reported theobromine was highest in dark chocolate (883.11
+ 3.54 mg/100 g) followed by milk chocolate (125.15 + 0.98 mg/

100 g), whereas levels in white chocolate were below the detection
level of 0.5 mg/100 g. In chocolate commercially available in Spain,
theobromine content ranged from 150 to 750 mg with higher
amounts in dark chocolate (50-85%) than in milk chocolate,
whereas white chocolate had the lowest amount [93]. Similarly,
the USDA database [55] values for theobromine per 100 g serving
was highest in cocoa powder then dark chocolates, with higher
cocoa solids having higher theobromine content followed by milk
chocolate, whereas there was no detectable theobromine content
in white chocolate (Fig. 4B).

In an in vitro study, treating human bone marrow mesenchymal
stem cells with theobromine (25—-100 wM) promoted differentia-
tion into osteoblasts and mineralization of differentiated osteo-
blasts and increased alkaline phosphatase and osteoprotegerin
(osteoclastogenesis inhibitory factor) activity [97]. In vivo, rats
exposed to 10 mg/kg total body weight theobromine in utero daily
until postnatal day 50 exhibited increased (P = 0.03) femoral length,
cortical thickness, and trabecular thickness and number, but had
no significant difference in femoral strength compared with rats
fed chow [97]. To our knowledge, no human studies have investi-
gated the effect of theobromine consumption on skeletal health.
Theobromine is generally recognized as safe for human consump-
tion and toxicity would require consuming 18 g/d of theobromine
or 151 chocolate bars (29.8 g or 1.05 0z) per day [98]. The potential
effects of theobromine on bone health merits further study because
of high concentration in chocolate.
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Summary and conclusions

Chocolate and cocoa powder provide a dietary source of flavo-
noids and other constituents with the potential to affect bone. How-
ever, the beneficial antioxidant and anti-inflammatory effects of
flavonoids and mineral content of chocolate on bone health may be
outweighed by other components in chocolate such as oxalate,
added cocoa butter, sugar, and methylxanthines with potential to
exert adverse effects on bone health. Hodgson et al. [41] reported
an inverse association between chocolate consumption and BMD
in postmenopausal women. However, studies showed postmeno-
pausal women had no bone effects at moderate chocolate intakes,
whereas adolescents consuming chocolate had greater longitudinal
bone growth. As demonstrated by the preponderance of evidence
cited in this review, the osteogenic effects of chocolate ingredients
varied depending on the type of chocolate. Based on flavonoid and
mineral content, unsweetened cocoa powder appeared to be the
best option, followed by dark chocolate with higher cocoa content,
in terms of supporting and preserving bone health. However, more

basic research and human studies are warranted that include spec-
ifying the type of chocolate consumed in studies. The 2015-2020
Dietary Guidelines for Americans list chocolate milk as a source of
calcium, potassium, and vitamin D. Moreover, both the U.S. Dietary
Guidelines and the 2019 Canada's Food Guide advise that due to its
high sugar and fat content, chocolate bars should be at the top of
the nutritional pyramid under fats, oils, and sweets that are to be
used sparingly. Determining dietary recommendations for choco-
late consumption and its implications for bone health and osteopo-
rosis risk is a topic of importance given the widespread and
growing popularity of chocolate consumption.
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