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Abstract

Background: Caffeine is one of the most widely consumed bioactive compounds worldwide.
The available data regarding its effects on bone metabolism and skeletal health remain
inconsistent. The aim of this study was to review experimental studies on the effects
of caffeine on the skeletal system. Methods: A literature search was conducted using
PubMed to identify original experimental studies investigating the effects of caffeine on
the skeletal system published up to December 2025. The reviewed studies included in vivo
studies on different animal models and in vitro studies on bone-related cells. Due to data
heterogeneity, a narrative analysis was performed. Results: Fifty-three studies on caffeine
effects were included in the review. The findings indicate that the effects of caffeine are dose-
dependent and bidirectional. Low-to-moderate doses in vivo generally exerted neutral or
sometimes beneficial effects on the skeletal system, whereas higher doses were associated
with impaired bone development, reduced mineralization, and increased bone loss. In
estrogen-deficient animals, moderate doses showed potential protective effects, while high
doses exacerbated bone loss. In vitro studies demonstrated concentration-dependent effects,
with high concentrations often reducing cell viability and osteogenic activity. Conclusions:
The effects of caffeine on the skeletal system are complex and context-dependent. While
high exposure may adversely affect bone, low-to-moderate intake appears to be safe and
may exert beneficial effects under specific conditions.

Keywords: caffeine; bone metabolism; bone mineral density; osteoporosis; dietary factors;
coffee consumption; bone remodeling; osteogenesis; animal studies; in vitro studies

1. Introduction
Caffeine (1,3,7-trimethylxanthine) is a naturally occurring purine alkaloid that belongs

to the methylxanthine group and is considered the most widely consumed psychoactive
substance (psychostimulant) in the world [1–3]. Caffeine occurs in over 60 plant species,
primarily in coffee (Coffea arabica L. and Coffea canephora Pierre ex A. Froehner), tea (Camel-
lia sinensis (L.) Kuntze), cocoa (Theobroma cacao L.), cola nut (Cola acuminata (P. Beauv.)
Schott & Endl.), guarana (Paullinia cupana Kunth), and yerba mate (Ilex paraguariensis A.
St.-Hil.) [2,4–6]. Caffeine is widely consumed in beverages and food products such as
coffee, tea, chocolate, carbonated soft drinks, and energy drinks, with coffee being the
primary source of caffeine intake among adults worldwide [7–9]. Due to the high global
consumption of coffee (and other caffeine-containing beverages), even relatively minor
health effects can have significant public health implications [10].
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The popularity of products containing caffeine is mainly due to their psychostim-
ulant effects, which include increased alertness, improved concentration, and reduced
fatigue [1,11]. In addition to its stimulating effects, caffeine is associated with numerous
potential health benefits, including effects on the cardiovascular, nervous, and endocrine
systems as well as the liver [8,12–17]. Caffeine may also exert adverse effects on the human
body, including anxiety, insomnia, depression, cardiovascular symptoms such as tachycar-
dia and hypertension, gastrointestinal disturbances, increased risk of adverse pregnancy
outcomes, and toxic effects at high doses [1,7,8,18–20]. For many years, the effects of caf-
feine on the skeletal system were considered potentially adverse, based on earlier studies
in humans [21,22]; more recent epidemiological studies on coffee (or other caffeine-related
beverages) consumption suggest a heterogeneous effect of caffeine on bone health. How-
ever, findings from both epidemiological and clinical studies remain inconclusive, with
inconsistent evidence regarding osteoporosis/fracture risk [10,23–29].

According to the European Food Safety Authority (EFSA), regular consumption of
caffeine from all dietary sources at doses of up to 400 mg per day by healthy adults does not
present any safety concerns, while habitual consumption of up to 200 mg per day during
pregnancy is considered safe for the fetus [30]. For children, it is suggested that caffeine
intake should not exceed 2.5 mg/kg of body weight per day [2]. However, excessive and
prolonged caffeine intake, particularly at doses exceeding 400 mg per day, may lead to
adverse effects such as irritability, insomnia, tachycardia, headaches, and gastrointestinal
disturbances [2,3,11].

1.1. Mechanism of Action of Caffeine

The biological effects of caffeine are mediated by many different molecular mecha-
nisms and are dose-dependent. The primary mechanism of action is the non-selective
antagonism of adenosine receptors, particularly the A1 and A2A subtypes, resulting from
the structural similarity between caffeine and adenosine [31,32]. The blockade of these
receptors modulates several neurotransmitter systems, including dopaminergic, gluta-
matergic, cholinergic, serotonergic and noradrenergic signaling [6,13,33,34]. At higher
concentrations, caffeine also acts as a non-selective phosphodiesterase (PDE) inhibitor, lead-
ing to an increase in intracellular cyclic adenosine monophosphate (cAMP) levels [13,31,35].
Caffeine can also act as a ryanodine receptor (RyR) agonist, stimulating the release of
intracellular Ca2+ [13], and interact with GABAA receptors, modulating neuronal excitabil-
ity [36,37]. In addition to its neuropharmacological effects, caffeine exhibits antioxidant,
anti-inflammatory and anti-apoptotic properties, including reducing oxidative stress and
modulating inflammatory mediators such as cytokines and C-reactive protein [17,38–40].

1.2. Bone and Osteoporosis

The skeletal system plays a fundamental role in maintaining the body’s structure
and physiological homeostasis. Bones provide mechanical support, enable movement,
protect internal organs, and serve as a reservoir for essential minerals such as calcium and
phosphorus [41].

Bone tissue, which is a type of connective tissue, is metabolically very active. Through-
out life, bones undergo modeling and remodeling [42]. Modeling, which determines bone
growth and changes in shape, as well as the achievement of peak bone mass, occurs pri-
marily during childhood and adolescence [43]. In adults, bone remodeling, the purpose
of which is to maintain bone strength by responding to bone microdamage and to ensure
calcium balance in body fluids, primarily takes place. Remodeling involves the replacement
of small amounts of old bone with new bone without altering the anatomical structure
through bone resorption and subsequent bone formation [42]. In adults, approximately 10%
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of bone undergoes remodeling per year [44]. In youth, bone formation processes predomi-
nate, while with aging, resorption processes take precedence, leading to a gradual bone
loss; this process accelerates after menopause due to cessation of estrogen production [45].

Specific bone cells include osteoclasts, osteoblasts and osteocytes. The cells responsible
for bone resorption are osteoclasts, which are large, multinucleated cells, deriving from
hematopoietic stem cells [46]. The cells responsible for the formation of new bone (bone
matrix production and its mineralization) are osteoblasts, which derive from mesenchymal
stem cells. Osteocytes, into which osteoblasts differentiate, are surrounded by a mineralized
bone matrix and constitute approximately 90–95% of bone cells. Bone matrix is composed
of organic components, primarily type I collagen, and inorganic components, mainly
hydroxyapatite, deposited on collagen fibers [42,47].

Bone remodeling is regulated by endocrine mechanisms (including parathyroid hor-
mone, calcitonin, vitamin 1,25(OH)2D3, estrogens, glucocorticoids) and paracrine and
autocrine mechanisms (mediated by cytokines, growth factors, and prostaglandins) [42,47].
A major role in the regulation of bone metabolism is played by the RANKL/RANK sig-
naling pathway in osteoclastic lineage cells and the Wnt/β-catenin signaling pathway
in osteoblastic lineage cells [48–50]. Bone metabolism is influenced by numerous other
factors, including dietary components such as calcium and vitamin D, hormonal regulation,
mechanical loads associated with physical activity, and environmental or lifestyle-related
factors [51–53]. For lifestyle-related factors, the potential impact of substances such as
caffeine on bone metabolism and bone mineral density (BMD) has also been taken into
account [24,25,28,29,54].

Precise regulation of bone remodeling is essential for skeletal homeostasis, as imbal-
ances between bone formation and resorption can lead to metabolic bone diseases such as
osteoporosis [55]. Osteoporosis is a systemic disease of the skeletal system characterized by
reduced bone mass, deterioration of bone microarchitecture, and increased bone fragility,
leading to a higher risk of fractures, particularly of the spine, forearm and hip [56–58].
The prevalence of osteoporosis increases with age and differs between sexes; hormonal
changes, including postmenopausal estrogen deficiency, and age-related bone loss are the
most common causes of osteoporosis [56,57]. Approximately one in three women and
one in five men over the age of 50 years are expected to experience osteoporotic fractures
during their lifetime, underscoring the substantial global burden of this disease [59].

1.3. Effects of Caffeine on the Skeletal System in Humans

Studies on the effects of caffeine consumption on bone metabolism, bone mineral den-
sity, and fracture risk in humans have yielded inconsistent results. There are studies suggest-
ing that high coffee or caffeine intake may be associated with a decrease in BMD/increase in
fracture risk, particularly in older adults and postmenopausal women [24,60,61]. However,
other studies have suggested that moderate coffee consumption may not adversely affect
bone health and may even be beneficial [29,62,63]. Systematic reviews and meta-analyses
also indicate heterogeneous and inconclusive results regarding the association between
coffee consumption and fracture risk [10,23,64–68]. A recent analysis, based on a combina-
tion of cross-sectional research (on data from National Health and Nutrition Examination
Survey (NHANES)) and Mendelian randomization methods, demonstrated that caffeine
intake is inversely associated with osteoporosis risk [26]. Some studies have suggested
that the potential negative effect of caffeine on bone metabolism may be attenuated by
adequate calcium (milk) intake, indicating a significant role for dietary factors [60,69]. The
interpretation of epidemiological study results is further complicated by the fact that, in
addition to caffeine, coffee contains numerous bioactive substances, including chlorogenic
acids, diterpenes, trigonelline and melanoidins, which may also influence physiological
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processes and health outcomes [70,71]. Moreover, the observed associations may be in-
fluenced by other dietary and lifestyle factors. Together, the results of epidemiological
studies on the relationship between coffee consumption/caffeine intake and bone health in
humans remain inconclusive [10,23,26,27].

In conclusion, data from human studies do not allow a clear determination of the effect
of caffeine on bone health in humans. It appears that moderate caffeine consumption is
probably neutral for bone, whereas high consumption may be associated with an increased
risk of fracture.

Given that human studies do not allow the effects of caffeine to be separated from
those of other bioactive components of food, the aim of this study was to review the
available evidence from in vitro and in vivo experimental studies investigating the effects
of caffeine on bone metabolism and skeletal health.

2. Methods
A comprehensive literature review was conducted using the PubMed database to

identify experimental studies evaluating the effect of caffeine on bone metabolism and
skeletal health. The review included articles published up to December 2025. The searching
strategy included combinations of the following words: caffeine, 1,3,7-trimethylxanthine,
coffee, tea, yerba mate, bone, bone metabolism, bone mineral density (BMD), bone min-
eral content (BMC), bone mechanical properties, fracture, in vivo, in vitro, osteoporosis,
osteopenia, osteoblasts, osteoclasts, osteocytes, osteogenesis, bone healing, skeletal system,
bone histomorphometry, bone marrow-derived mesenchymal stem cells, rat, mouse, mice,
rabbit, hamster, animal, prenatal caffeine exposure, and estrogen deficiency. Additionally,
a search in Google Scholar was performed. Only original in vivo and in vitro experimental
studies were included. Epidemiological and clinical studies in humans, review articles,
conference abstracts and studies not directly related to skeletal outcomes were excluded.
Only articles published in English were considered.

Studies were selected through a two-stage selection process, comprising a review of
titles and abstracts, followed by an assessment of full texts. Based on the conducted search,
87 studies were found; 26 of them concerned prenatal caffeine exposure and eventually
were not included in the main analysis of this review. Due to the complexity and importance
of this topic, it should be discussed in more detail separately.

The analysis included a total of 53 experimental studies concerning in vivo and in vitro
caffeine effects on the skeletal system. Moreover, we present the results of eight experimen-
tal in vivo studies on the effects of natural caffeine sources (coffee and yerba mate) on the
skeletal system. Relevant data were extracted from the selected studies, including study
design, experimental model, caffeine dose and duration of exposure, parameters assessed,
and main results. Due to the heterogeneity of the experimental models, study designs and
outcome measures, a narrative analysis was performed.

Data from the studies were organized into tables and are presented in chronological
order to enable a comparison of results over time. The tables summarize the key character-
istics of each study, including the experimental model, caffeine dose, duration of exposure,
and the outcomes. If one article concerned more than one experimental model, the results
are presented in more than one table.

Caffeine doses were presented in mg/kg/day for in vivo studies and in mM or µg/mL
for in vitro studies. For the purposes of analyzing dose–response relationships in in vivo
studies, we divided caffeine exposure levels in rats and mice into four groups: low dose
(<20 mg/kg/day), moderate dose (20–50 mg/kg/day), high dose (50–100 mg/kg/day)
and very high dose (>100 mg/kg/day).
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Caffeine concentrations used in in vitro studies were categorized into low/physiological
(≤0.01 mM), moderate/supraphysiological (0.01–0.1 mM), high (0.1–1 mM), and very high
(>1 mM) ranges, with only concentrations below 0.05 mM corresponding to plasma levels
achievable in humans [17].

3. Results
3.1. Effect of Caffeine on Young Animals During the Period of Rapid Growth

The effects of caffeine on young, rapidly growing rats are presented in Table 1.
Low and moderate doses of caffeine (3–25 mg/kg/day) generally did not cause consis-

tent changes in the skeletal system in young rats. Bone development, mineralization, bone
mass or mineral metabolism in some experiments were not significantly affected [72,73],
although, for example, increased collagen synthesis in the bones of pups whose mothers
were fed a protein-deficient diet was demonstrated [72]. On the other hand, rats exposed to
caffeine prenatally (the dams receiving 20 mg/kg in the diet) and then receiving caffeine
in their diet for 92 days, sacrificed at day 388, had strongly altered bone architecture and
mineralization [74].

Table 1. Effect of caffeine on young animals during the period of rapid growth.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

3-day-old Sprague Dawley
rats

10 mg/kg/day i.g. to
newborns every other day
between days 3–13;
lactating dams fed
a normal or
protein-deficient diet;
n per group: 5–10

To investigate the effect of
administration of caffeine
after birth on the skeletal
system of newborn rats;
mothers fed
a protein-deficient or
normal diet.

Caffeine did not significantly
affect body weight, bone
mass, protein, calcium
content, or calcium uptake.
Caffeine only increased
collagen synthesis in long
bones in newborn rats whose
mothers were fed
a protein-deficient diet.

1985
[72]

4-week-old male Sprague
Dawley rats

100 mg/kg/day s.c. for
4 weeks; n per group: 6

To investigate the effect of
caffeine administration on
calcium balance, blood
calcium levels, and serum
levels of PTH and
1,25(OH)2D3 in immature
rats.

In immature rats, caffeine
caused an increase in urinary
and fecal calcium excretion.
Concentrations of PTH and
1,25(OH)2D3 in the blood
increased from day 14.

1986
[75]

Male rats

Pregnancy and lactation:
maternal caffeine intake
(10 mg/kg/day in the
diet) until weaning
(postnatal day 22); end of
the experiment on day 56;
n per group: 10–14

To investigate the effect of
maternal caffeine intake
during gestation and
lactation on postnatal
bone growth and
development in rat
offspring.

Caffeine exposure in
offspring of mothers
receiving caffeine during
gestation and lactation
resulted in significant
reductions in femur size,
weight, volume and hardness,
as well as mandible weight.

1990
[76]

21-day-old male Sprague
Dawley rats

12.5 or 50 or
100 mg/kg/day in
drinking water for 18 days;
n per group: 6

To investigate the effect of
caffeine on endochondral
bone development and
mineralization using
demineralized bone
particles implanted
subcutaneously in
immature rats.

Caffeine significantly
inhibited endochondral bone
development, mainly by
limiting the proliferation of
mesenchymal cells and their
differentiation into
chondrocytes. Caffeine also
inhibited osteoblast maturing
and ALP activity, resulting in
reduced bone formation.

1993
[77]
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Table 1. Cont.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

Female Sprague Dawley
rats

Pregnancy and lactation:
maternal dietary caffeine
intake (20 mg/kg/day)
Post-weaning: dietary
caffeine (20 mg/kg/day)
from day 22 to day 93; end
of the experiment on day
388; n per group: 9–11

To investigate the effect of
caffeine exposure during
gestation, lactation, and
the rapid growth period
on bone structure and
composition in later life in
rats.

Caffeine exposure resulted in
significant alterations in bone
structure, including increased
femoral width and periosteal
bone area/total bone area
and decreased cross-sectional
area of the femur, and
osteocyte number per bone
area. It also significantly
reduced Ca, P, Zn, and
hydroxyproline
concentrations in both the
femur and mandible, as well
as Mg levels in the mandible,
while no significant changes
were observed in body
weight, femoral length,
radiographic density, and
Ca/P ratio.

1994
[74]

Sprague Dawley rats

Lactation: maternal
dietary caffeine intake
(40 mg/kg/day)
Post-weaning: dietary
caffeine (40 mg/kg/day)
from day 22 to day 50;
n per group: 5–10

To investigate the effect of
caffeine on bone cells and
early bone development
after birth in rapidly
growing rats.

Early exposure to caffeine
caused a reduction in
osteocyte density relative to
the area of femoral
cross-section, mitochondrial
swelling in osteoblasts and
osteocytes, and retarded bone
structural remodeling during
skeletal development.

1996
[78]

Female Sprague Dawley
rats one week after
weaning

3 or 25 or 100 mg/kg/day
in drinking water for
6 weeks; n per group: 8

To investigate the effect of
long-term caffeine intake
at various doses on
mineral balance.

Long-term caffeine
consumption had no
significant effect on the
balance of fluoride, calcium
and phosphorus or their
levels in plasma, bones or
enamel in rats. Only the
highest dose of caffeine
reduced ash content in the
femur and bone mineral
content in the tibia.

1999
[73]

5-week-old male Wistar
rats

100 mg/kg/day in
drinking water 3 times
a week for 10 weeks;
n per group: 8–11

To investigate the effect of
high doses of caffeine
and/or exercise on the
growth of long bones,
growth plate structure,
BMD and trabecular
parameters in growing
rats.

Caffeine administration
increased growth plate
activity and tibia length but
impaired bone quality
(decreased trabecular bone
volume ratio, mineralization,
BMD, femoral bone mass,
and calcium content).
Exercise did not counteract
most of the caffeine-induced
changes.

2002
[79]

3-week-old male Wistar
rats

0.1% or 0.2% caffeine in
diet (~22 mg or
44 mg/day) for 20 weeks;
n per group: 10

To investigate the effect of
long-term dietary caffeine
exposure on BMD in
growing rats.

Caffeine (0.2% in diet) caused
a decrease in BMD as well as
a decrease in calcium content
in the femur and tibia.

2011
[80]

22-day-old male Sprague
Dawley rats

120 or 180 mg/kg/day i.g.
for 4 weeks;
n per group: 17

To investigate the effects
of high-dose caffeine
exposure during rapid
growth on long bone
development, bone
mineral parameters, and
osteogenic activity in
prepubertal male rats.

High doses of caffeine
significantly inhibited
osteogenic activity and bone
mineralization during the
rapid growth phase, leading
to a decrease in BMD, BMC,
and a slowdown in
longitudinal bone growth.

2015
[81]
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Table 1. Cont.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

22-day-old male Sprague
Dawley rats

20 or 60 or 120
mg/kg/day i.g. for
10/20/30/40 days;
n per group: 5

To investigate the effects
of caffeine on longitudinal
bone growth, growth
plate, trabecular bone
architecture and
growth-related hormones
in immature rats.

Caffeine significantly
inhibited longitudinal bone
growth in growing rats in
a dose- and time-dependent
manner, resulting in
decreased mineralization,
growth plate abnormalities,
and decreased concentrations
of IGF-1, estradiol, and
testosterone.

2016
[82]

22-day-old male Sprague
Dawley rats

120 or 180 mg/kg/day i.g.
for 4 weeks; n per group: 5

To investigate the effects
of high-dose caffeine on
longitudinal bone growth,
growth plate
mineralization, and cell
proliferation in rapidly
growing rats.

Exposure to caffeine
significantly inhibited
longitudinal bone growth by
reducing the mineralization
rate and growth plate
chondrocyte proliferation.

2017
[83]

21-day-old male Sprague
Dawley rats

120 or 180 mg/kg/day i.g.
for 4 weeks; n per group: 5

To investigate the effect of
long-term exposure to
high doses of caffeine on
the growth of long bones
and bone mineralization
in male rats during
a period of rapid growth.

High doses of caffeine
significantly shortened the
length and reduced the mass
of long bones and body
length and also reduced BMC
and BMD.

2017
[84]

22-day-old female
Sprague Dawley rats

120 or 180 mg/kg/day i.g.
for 4 or 8 weeks;
n per group: 20

To investigate the effect of
high doses of caffeine on
bone growth and growth
plate histomorphometry
in immature female rats.

High doses of caffeine
significantly reduced the
length and mass of the femur
and tibia, the length of the
spine, BMC and BMD
(particularly after 4 weeks).
Exposure to caffeine
significantly increased the
height of the growth plate
and its PZ and HZ zones,
increased the number of
chondrocytes in the HZ zone,
reduced trabecular bone
formation parameters,
increased Tb.Sp and raised
serum E2 concentrations after
4 weeks.

2026
[85]

ALP—alkaline phosphatase. BMC—bone mineral content. BMD—bone mineral density. E2—estradiol.
HZ—hypertrophic zone. IGF-1—insulin-like growth factor 1. i.g.—intragastrically. PTH—parathyroid hormone.
PZ—proliferative zone. s.c.—subcutaneously. Tb.Sp—trabecular separation.

Moderate-to-high doses of caffeine were associated with adverse effects on skeletal
development. Exposure to caffeine (100 mg/kg/day) disrupted calcium homeostasis, as
evidenced by increased calcium excretion in urine and feces, changes in parathyroid hor-
mone (PTH) and 1,25(OH)2D3 concentrations [75], and inhibited endochondral ossification
at high doses (100 mg/kg/day), with more pronounced structural and mineralization
defects than with lower doses [77]. Caffeine (100 mg/kg) increased long bone growth
but decreased bone mineralization in young rats [79]. However, other studies reported
a decreased longitudinal bone growth in caffeine-treated (60–100 mg/kg) younger rats [82].
At the tissue level, caffeine caused disruption of bone cell function [78].

High-to-very-high doses of caffeine (≥100 mg/kg/day) have been consistently associ-
ated with abnormalities in bone structural and functional parameters, including reduced
BMD, BMC and mineralization [80,81,83–85]. These effects also included inhibition of
longitudinal bone growth, abnormalities in the structure of the growth plate, and reduced
osteogenic activity, particularly at very high doses of caffeine (120–180 mg/kg/day) [81–85],
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indicating a clear relationship between high caffeine exposure and negative effects on skele-
tal development.

3.2. Effect of Caffeine on Healthy Adult Animals

The effects of caffeine on the bones of healthy adult animals are presented in Table 2.
In most studies, exposure to moderate doses of caffeine (20–25 mg/kg/day) did not

cause significant changes in bone structure or mineralization in healthy rats [86,87]. On the
other hand, moderate doses of caffeine administered to mice (20–50 mg/kg/day) showed
some unfavorable effects on the skeletal system: a reduction in the trabecular bone/bone
volume ratio and a decrease in BMD (20 mg/kg/day) [88] or a deterioration in the compact
bone microarchitecture and BMD with simultaneous improvement in bone mechanical
properties (50 mg/kg) [89].

High-to-very-high doses of caffeine (100–180 mg/kg/day) caused an increase in
calcium excretion in urine and feces and induced hormonal changes related to calcium
homeostasis in rats [75] as well as a reduction in BMC in rats and hamsters [84,90].

Table 2. Effect of caffeine on healthy animals.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

12–13-month-old male
Sprague Dawley rats

100 mg/kg/day s.c. for
4 weeks; n per group: 6

To investigate the effects
of caffeine intake on
changes in serum calcium,
PTH, 1,25(OH)2D and
calcium balance in adult
rats.

In adult rats, caffeine
administration caused an
increase in calcium excretion
in urine and feces. Serum
calcium concentrations
remained stable, although
a significant increase in PTH
was observed after 3 and
4 weeks, which was not
accompanied by an increase
in 1,25(OH)2D
concentrations.

1986
[75]

11-week-old male Sprague
Dawley rats

25 or 100 mg/kg/day in
drinking water for
8 weeks; n per group: 8–10

To investigate the effect of
long-term caffeine intake
on serum markers of bone
metabolism and bone
histomorphometric
parameters.

Caffeine administration did
not cause significant changes
in serum ionized calcium
concentrations, PTH levels
or bone histomorphometric
parameters. However,
high-dose caffeine intake
significantly increased
serum osteocalcin
concentrations.

1988
[87]

3-month-old female
golden hamsters

25 or 100 mg/kg/day in
drinking water for 17 or
32 days; n per group: 7

To investigate the effect of
caffeine on bone structure
and BMC in hamsters.

There was no significant
difference in serum calcium
levels and osteocyte
numbers. High-dose
caffeine intake for 32 days
resulted in a significant
decrease in BMC.

2000
[90]

15–17-week-old female
Wistar rats

20 mg/kg/day p.o. for
4 weeks; n per group: 10

To investigate the effect of
a moderate dose of
caffeine on the skeletal
system of rats.

Caffeine administration did
not significantly affect bone
mass, mineralization,
mechanical properties or
histomorphometric
parameters in intact rats.

2013
[86]

64-day-old male Sprague
Dawley rats

120 or 180 mg/kg/day i.g.
for 4 weeks; n per group: 5

To investigate the effect of
daily high-dose caffeine
intake on long bones in
young adult rats.

High-dose caffeine
administration reduced
BMC but did not affect BMD
and the length and mass of
long bones in young adult
rats.

2017
[84]
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Table 2. Cont.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

23-week-old female Wistar
rats (sham-operated)

6 mg/kg/day in the diet
for 8 weeks;
n per group: 10

To investigate the effect of
chronic caffeine intake on
bone mineralization and
strength in healthy rats.

Caffeine intake increased
urinary calcium excretion
and elevated blood bone
ALP levels in rats (more data
in Table 3).

2024
[91]

6-week-old C57BL/6 male
mice

50 mg/kg/day i.p. for
119 days; n per group: 10

To investigate the effect of
long-term caffeine intake
on mineral distribution in
bones and the structural
and mechanical properties
of the tibia in mice.

Caffeine administration
resulted in a reduction in the
mean diameter and surface
area in the tibia and
trabecular bone volume, as
well as a decrease in calcium,
phosphorus and magnesium
content, but did not
negatively affect bone
mechanical properties
(maximum load or stiffness
of the tibia).

2021
[89]

8-week-old female
C57BL/6J mice

20 mg/kg/day i.g. for
4 weeks; n per group: 7

To investigate the effect of
caffeine intake on bones
using micro-CT analysis.

Administration of caffeine
resulted in a decline in BMD
and worsening of trabecular
bone: a decrease in BV/TV
and Tb.N and an increase in
Tb.Sp.

2021
[88]

ALP—alkaline phosphatase. BMC—bone mineral content. BMD—bone mineral density. BV/TV—bone vol-
ume/tissue volume. i.g.—intragastrically. i.p.—intraperitoneally. PTH—parathyroid hormone. p.o.—per os
(orally). s.c.— subcutaneously. Tb.N— trabecular number. Tb.Sp—trabecular separation.

Table 3. Effect of caffeine on ovariectomized animals (experimental model of estrogen deficiency).

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

8-month-old female
Sprague Dawley rats

20 mg/kg/day in the diet
for 90 days;
n per group: 8–10

To investigate the effect of
long-term caffeine intake
on the mechanical
properties, histology and
bone minerals in aged,
estrogen-deficient rats.

Long-term caffeine intake
resulted in decreased
mechanical parameters of the
femur (yield strain
significantly). Caffeine also
affected the mineral
composition of the bone and
resulted in smaller
hydroxyapatite crystallite
size.

1999
[92]

Young female Sprague
Dawley rats,
ovariectomized on day 32

Lactation: maternal
dietary caffeine intake
(40 mg/kg/day)
Post-weaning: dietary
caffeine (40 mg/kg/day)
from day 22 to day 52;
n per group: 4

To investigate the effect of
early exposure to caffeine
on the mechanical strength
and mineral content of the
bones in young
estrogen-deficient rats.

Early caffeine consumption
by growing rats after
ovariectomy resulted in
weakened femurs, which was
manifested by a significant
reduction in maximum stress
and elastic modulus and
a reduction in calcium,
magnesium, and phosphorus
content.

2002
[93]

15–17-week-old female
Wistar rats ovariectomized
7–8 days before the start of
caffeine
treatment

20 mg/kg/day p.o. for
4 weeks; n per group: 10

To investigate the effect of
moderate caffeine intake
on the skeletal system in
estrogen-deficient rats.

Caffeine in rats with estrogen
deficiency increased bone
mineralization, improved
cancellous bone structure and
increased the strength of both
cancellous and compact bone,
partially inhibiting the
development of osteoporotic
changes.

2013
[86]
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Table 3. Cont.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

3-month-old female
Sprague Dawley rats
ovariectomized 3 months
before the start of caffeine
treatment

100 mg/kg/day s.c. for
1 month; n per group: 6

To investigate the effect of
high doses of caffeine on
trabecular bone loss in
estrogen-deficient rats.

High doses of caffeine
significantly increased
trabecular bone loss in
estrogen-deficient rats,
causing a decrease in BV/TV
and Tb.N and an increase in
Tb.Sp.

2018
[94]

13-week-old female Wistar
rats, ovariectomized
2 weeks before the start of
caffeine treatment

9.6 or 19.2 or
38.4 mg/kg/day i.g. for
13 weeks;
n per group: 12–14

To investigate the effect of
long-term caffeine intake
on the biochemical
markers of bone
metabolism and skeletal
characteristics in
estrogen-deficient rats.

Long-term caffeine intake
increased serum calcium
levels at all tested doses,
while medium and high
doses significantly reduced
ALP activity and only the
medium dose reduced ACP
activity. Caffeine did not
negatively affect femur
length, BMD, biomechanical
strength, or bone
microarchitecture in
ovariectomized rats.

2019
[95]

23-week-old female Wistar
rats ovariectomized 3
weeks before the start of
caffeine treatment

6 mg/kg/day in the diet
for 8 weeks;
n per group: 10

To investigate the effect of
long-term caffeine intake
on bone health in
ovariectomized rats.

Caffeine-treated rats
(ovariectomized and
sham-operated combined)
had decreased bone calcium
content in the tibia, decreased
strength of the femur and
increased urinary calcium
excretion in relation to the
placebo treated rats.

2024
[91]

C57BL/6 8-week-old
female mice
ovariectomized 1 week
before the start of caffeine
treatment

27.72 or 55.44 or
110.88 mg/kg/day i.g. for
12 weeks; n per group: 12

To investigate the effect of
long-term intake of
various doses of caffeine
on bone metabolism and
microarchitecture in
ovariectomized mice.

Low and medium doses of
caffeine showed a protective
effect against OVX-induced
bone loss by increasing
femoral bone mass, lowering
the ACP/ALP ratio, and
reducing the number of
TRAP-positive osteoclasts.
The medium dose showed
the strongest effect,
significantly improving bone
microstructural parameters
(BMD, BV/TV, Tb.N, BS/TV)
and reducing Tb.Sp.
Although the high dose also
improved several
biochemical markers (↑E2,
↑ALP, ↓ACP), its protective
effects were weaker and
associated with a higher
number of TRAP-positive
cells than the medium dose.

2024
[96]

ACP—acid phosphatase. ALP—alkaline phosphatase. BMC—bone mineral content. BMD—bone mineral
density. BV/TV—bone volume/tissue volume. BS/TV—bone surface/tissue volume. E2—estradiol. i.g.—
intragastrically. OVX—ovariectomized. PTH—parathyroid hormone. p.o.—per os (orally). s.c.—subcutaneously.
Tb.N—trabecular number. Tb.Sp—trabecular separation. TRAP—tartrate-resistant acid phosphatase.

3.3. Effect of Caffeine on Estrogen-Deficient Animals

The effect of caffeine on bone metabolism and the development of osteoporotic changes
induced by estrogen deficiency was investigated in bilaterally ovariectomized (OVX) ani-
mals. The results are presented in Table 3.

It was observed that long-term administration of caffeine to OVX rats in moderate
doses (20–40 mg/kg/day) slightly impaired the mechanical properties of the femur and
affected bone mineral composition [92,93]. High doses of caffeine (100 mg/kg/day) signifi-
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cantly increased trabecular bone loss in rats, resulting in reduced bone volume/tissue
volume (BV/TV) and trabecular number (Tb.N) and increased trabecular separation
(Tb.Sp) [94]. Moreover, long-term administration of low-dose caffeine (6 mg/kg/day)
caused a decrease in calcium content in the tibia and an increase in urinary calcium excre-
tion [91].

However, our study [86] showed a slight but statistically significant beneficial ef-
fect of caffeine administered at a moderate dose (20 mg/kg/day), as evidenced by in-
creased bone mineralization, improved trabecular bone structure and enhanced bone
strength. This was partially reflected in another study [95], in which caffeine administered
at low-to-moderate doses (9.6–38.4 mg/kg/day) altered the biochemical markers of bone
metabolism (decreasing alkaline phosphatase (ALP)) without affecting the femoral length,
BMD, bone microarchitecture or biomechanical strength. Similar to our results, favorable
effects were observed in a recent study on mice with estrogen deficiency, where caffeine
(27.72–110.88 mg/kg/day) had a protective effect against bone loss, increasing femoral
mass and improving microstructural parameters, with the strongest effect observed at an
intermediate dose [96].

3.4. Effect of Caffeine on Bones in Different Experimental Models In Vivo

The effects of caffeine on the skeletal system have been investigated in various other
experimental models, including diabetes, a high-fat diet and pregnancy (Table 4).

Table 4. Effect of caffeine on bones in different experimental models in vivo.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

Pregnant female Wistar rats 30 mg/day i.g. for 14 days;
n per group: 8

To investigate the effect of
caffeine intake on bones in
pregnant rats.

Caffeine administration during
pregnancy resulted in decreased
pelvic bone density, bone stiffness,
and mineral phase content as well
as increased femoral shaft
deformation under load in
pregnant rats.

2011
[97]

3-month-old female Wistar
rats with
streptozotocin-induced
diabetes

20 mg/kg/day p.o. for
4 weeks; n per group: 8–10

To investigate the effects of
moderate-dose caffeine on the
skeletal system of rats in
experimental type 1 diabetes.

Caffeine did not affect the strong
changes in bones of rats with
streptozotocin-induced type 1
diabetes.

2017
[98]

3-month-old female Wistar
rats with nicotinamide-
streptozotocin-induced
diabetes

20 mg/kg/day p.o. for
4 weeks; n per group: 10

To investigate the effects of
moderate-dose caffeine on the
skeletal system of rats in
experimental type 2 diabetes.

Caffeine did not affect the slight
changes in bones of rats with
nicotinamide/streptozotocin-
induced type 2 diabetes.

2017
[98]

6-week-old C57BL/6 male
mice fed a high-fat diet

50 mg/kg/day i.p. for
119 days; n per group: 10

To investigate the effects of
long-term caffeine intake on
bone mineral balance,
structure, and biomechanical
properties of the tibia in mice
fed a high-fat diet.

Caffeine significantly improved
bone mechanical properties
(bending strength and stiffness of
the tibia) while increasing mineral
loss in mice fed a high-fat diet.
Caffeine worsened the structure of
compact bone of the tibial
diaphysis but increased trabeculae
width in cancellous bone of the
tibia.

2021
[89]

10-week-old pregnant female
Wistar rats

120 mg/kg/day suspended in
Tween 80 and sterile distilled
water (at 10 ◦C or 25 ◦C or
45 ◦C) i.g. for 14 days; n per
group: 25

To investigate the effect of
caffeine intake at varied
temperatures on bone
characteristics in pregnant
female rats.

Caffeine intake by pregnant rats,
particularly when administered at
10 ◦C, resulted in reduced femoral
length and decreased mechanical
strength of bone, increasing
susceptibility to fracture.
Additionally, caffeine altered the
biochemical markers of bone
formation and turnover,
indicating disturbances in skeletal
metabolism.

2021
[99]

i.g.—intragastrically. i.p.—intraperitoneally. p.o.—per os (orally).
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In our study [98] on rats with experimental type 1 diabetes induced by streptozotocin
and experimental type 2 diabetes induced by streptozotocin and nicotinamide, caffeine
administered at a moderate dose (20 mg/kg/day) did not affect the bone changes observed
in animals with metabolic disorders induced by diabetes. However, an experiment con-
ducted on mice fed a high-fat diet showed that long-term administration of a moderate
dose of caffeine (50 mg/kg/day) improved the mechanical properties of bone (the bending
strength and tibia stiffness) while increasing mineral loss and impairing the structure of
compact bone in the tibial shaft [89].

Very high doses of caffeine (100–120 mg/kg/day) administered during pregnancy
led to a reduction in pelvic bone mineral density and a deterioration in bone mechanical
properties [97] as well as a decrease in the femur length and changes in bone turnover
markers and strength in pregnant female rats [99].

3.5. Effect of Caffeine on Dental Health (Various Models)

The effects of caffeine on dental health were studied in rats with periodontitis, peri-
apical inflammation, healing following tooth extraction, and orthodontic tooth movement.
The results are presented in Table 5.

Table 5. Effect of caffeine on dental health (various models).

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

90-day-old male Wistar
rats with ligature-induced
periodontitis

100 mg/kg/day in
drinking water for 56 days;
n per group: 10–12

To investigate the effect of
long-term high-dose
caffeine intake on
ligature-induced
periodontitis in rats.

Caffeine administration
significantly increased
periodontal tissue damage in
ligated teeth as well as the
extent of alveolar bone loss.
These results suggest that
long-term administration of
high doses of caffeine may
increase ligation-induced
periodontitis in rats.

2008
[100]

90-day-old
ovariectomized Wistar rats

100 mg/kg/day in
drinking water for 65 days;
n per group: 15

To investigate the effect of
caffeine on
ligature-induced alveolar
bone loss, the trabecular
bone area and bone
healing after tooth
extraction in
ovariectomized rats.

In OVX rats, caffeine
administration resulted in
a significantly higher
RANKL/OPG+ cell ratio in
the alveolar bone around
non-ligated teeth, while no
significant differences were
observed in bone loss, the
trabecular bone area, bone
healing, TRAP-positive cells,
or the RANKL/OPG+ cell
ratio around ligated teeth.

2013
[101]

90-day-old female Wistar
rats (sham-operated)

100 mg/kg/day in
drinking water for 65 days;
n per group: 15

To investigate the effect of
caffeine on
ligature-induced alveolar
bone loss, the trabecular
bone area and bone
healing after tooth
extraction in
non-ovariectomized rats.

Chronic caffeine
administration significantly
increased ligature-induced
alveolar bone loss and
significantly reduced the
trabecular bone area. Caffeine
also significantly impaired
early alveolar bone healing
after tooth extraction.
Additionally, caffeine intake
significantly increased the
RANKL/OPG+ cell ratio in
the alveolar bone around
both ligated and unligated
teeth, indicating enhanced
osteoclastogenic activity.

2013
[101]
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Table 5. Cont.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

Male Wistar rats with
experimental periapical
periodontitis

100 mg/kg/day i.g. for
45 days; n per group: 8

To investigate the effect of
excessive caffeine intake
on periapical periodontitis
in rats.

High caffeine intake
significantly increased the
inflammatory response and
osteoclast activity in
periapical periodontitis,
indicating enhanced
periapical bone resorption, as
demonstrated by the larger
lesion volume and
significantly higher
expression of RANKL, TRAP,
and IL-1β.

2021
[102]

Male Wistar rats
(250–300 g)

30 mg/kg/day i.p. for
30 days; n per group: 5

To investigate the effect of
daily caffeine intake on
the healing process of the
alveolar bone after tooth
extraction in rats (after 7,
14 and 21 days).

Caffeine significantly reduced
new bone formation and
delayed the maturation of
trabecular bone in the
extraction socket.

2015
[103]

9-week-old male Wistar
rats

25 mg of caffeine/kg/day
i.g. for 3 weeks (as coffee);
n per group: 15

To investigate the effect of
daily caffeine intake on
orthodontic movement in
rats.

Caffeine significantly
increased orthodontic tooth
movement and was
correlated with higher
numbers of TRAP-positive
osteoclasts and RANKL
expression on the
compression side, without
affecting alveolar BMD or
bone volume fraction.

2016
[104]

Male Wistar rats
(200–250 g)

25, 50, or 75 mg/kg/day
i.p., every second day for
21 days; n per group: 7

To investigate the effect of
caffeine on orthodontic
tooth movement and
histomorphometric
markers of bone
resorption in rats.

Caffeine administration
significantly increased
orthodontic tooth movement
and the number of osteoclasts,
blood vessels, and Howship’s
lacunae while decreasing the
BV/TV ratio. However, it did
not significantly affect tooth
root resorption.

2022
[105]

35-day-old female Wistar
rats

10 mg/kg/day p.o. for
21 days; n per group: 5

To investigate the effect of
daily low-dose caffeine
intake on ethanol-induced
alveolar bone damage in
young female rats.

Daily low-dose caffeine
intake significantly
attenuated binge-like
ethanol-induced alveolar
bone deterioration by
increasing the bone volume
fraction and reducing Tb.Sp.
Caffeine also significantly
reduced ethanol-related
vertical alveolar bone loss.

2020
[106]

BMD—bone mineral density. BV/TV—bone volume/tissue volume. IL-1β—interleukin 1-β. i.g.—intragastrically.
i.p.—intraperitoneally. OPG—osteoprotegerin. OVX—ovariectomized. p.o.—per os (orally). RANKL—
receptor activator of nuclear factor kappa-B ligand. Tb.Sp—trabecular separation. TRAP—tartrate-resistant
acid phosphatase.

In periodontitis models, high doses of caffeine (100 mg/kg/day) increased periodontal
tissue damage and alveolar bone loss [100], reduced the trabecular bone area and increased
the receptor activator of the nuclear factor kappa B ligand (RANKL)/osteoprotegerin
(OPG) ratio, indicating increased osteoclastogenic activity [101]. The high caffeine intake
(100 mg/kg/day) in periapical periodontitis increased the inflammatory response, osteo-
clast activity and bone resorption, as indicated by the increased expression of RANKL,
TRAP and interleukin 1β (IL-1β) [102].
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Following tooth extraction, the administration of caffeine at a moderate dose
(30 mg/kg/day) reduced the formation of new bone tissue and delayed the maturation
of trabecular bone [103]. In orthodontic tooth movement models, caffeine at moderate-
to-high doses (25–75 mg/kg/day) increased orthodontic tooth movement, the number of
osteoclasts and markers of bone resorption whilst reducing the BV/TV ratio [104,105].

It was also demonstrated that a low dose of caffeine (10 mg/kg/day) attenuated bone
loss, increased the BV/TV ratio and reduced Tb.Sp in a model of ethanol-induced alveolar
bone damage [106].

3.6. Effect of Caffeine on Bone Healing

Experimental studies have also examined the effect of caffeine on bone regeneration
in bone defects and on implant osseointegration (Table 6).

Table 6. Effect of caffeine on bone healing and implant integration.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

90-day-old male Wistar
rats

100 mg/kg/day in
drinking water for 56 days;
n per group: 12

To investigate the effect of
long-term daily intake of
high doses of caffeine on
bone density and on early
stages of bone healing in
rats.

Chronic high-dose caffeine
intake significantly disturbed
early bone healing by
reducing the amount and
organization of newly formed
bone within the defect but
did not cause measurable
changes in bone density in
rats.

2009
[107]

90-day-old female Wistar
rats; ovariectomy 2 weeks
after start of caffeine
treatment

100 mg/kg/day in
drinking water for 65 days;
n per group: 15

To investigate the effect of
long-term caffeine intake
on trabecular bone
structure and the early
stages of bone loss healing
in ovariectomized rats.

Caffeine intake significantly
increased the RANKL/OPG
ratio in the femur but did not
affect bone healing or the
trabecular bone area.
However, caffeine reduced
the expression of BMP-2,
BMP-7, and CITED-2 genes.

2014
[108]

90-day-old female Wistar
rats (sham-operated)

100 mg/kg/day in
drinking water for 65 days;
n per group: 15

To investigate the effect of
long-term caffeine intake
on early bone healing and
trabecular bone
morphology in rats.

Caffeine worsened early bone
healing and increased the
number of TRAP-positive
cells in the femur and the
RANKL/OPG ratio in bone
defects without significantly
affecting the trabecular bone
area or osteogenic gene
expression.

2014
[108]

3-month-old female Wistar
rats

300 mg/L in drinking
water for 24 weeks
(12 weeks
pre-implantation + 12
weeks post-implantation);
n per group: 6

To investigate the effect of
long-term daily caffeine
intake on the
osseointegration process
in rats.

Long-term caffeine intake
significantly increased
implant stability and
mineralized bone volume
within the implant threads,
indicating enhanced
long-term osseointegration.

2021
[109]

OPG—osteoprotegerin. RANKL—receptor activator of nuclear factor kappa B-ligand. TRAP—tartrate-resistant
acid phosphatase.

High doses of caffeine (100 mg/kg/day) adversely affected early bone healing.
Chronic caffeine administration reduced the volume and organization of newly formed
bone within the bone defect without affecting bone density [107]. Moreover, caffeine in-
creased the number of TRAP-positive cells and the RANKL/OPG ratio in bone defects, in-
dicating increased osteoclastogenic activity. In the same experiment conducted on estrogen-
deficient rats, a high dose of caffeine (100 mg/kg/day) increased the RANKL/OPG ratio
and reduced the expression of osteogenic genes (BMP-2, BMP-7) without affecting the
trabecular bone area or bone healing [108].
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Caffeine at a lower dose (300 mg/L in drinking water) in an implant osseointegra-
tion model significantly increased implant stability and mineralized bone volume within
implant threads, indicating enhanced long-term osseointegration [109].

3.7. Effect of Natural Caffeine Sources (Coffee and Yerba Mate) in Experimental In Vivo Studies

The results of experimental studies investigating the effects of complex caffeine sources,
such as coffee, coffee infusions, yerba mate, and coffee bean extracts, on bone metabolism
and regeneration are presented in Table 7.

Table 7. Effect of caffeine sources (coffee and yerba mate) in experimental in vivo studies.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

Male Wistar rats

125 or 275 mg
coffee (containing
2.5–5.0% caffeine)/day in
the diet for 140 days; n per
group: 16

To investigate the effect of
long-term coffee
consumption on bone
metabolism in rats.

Chronic consumption of coffee
did not change bone turnover
markers (serum osteocalcin,
bone volume, and number of
osteoclasts) in rats.

2001
[110]

Male Wistar rats; tooth
extraction performed at
postnatal day 60

Prenatal exposure:
maternal coffee intake
(50 mg/mL infusion, ad
libitum) for 30 days before
mating and during
pregnancy
Postnatal exposure: coffee
intake (50 mg/mL
infusion, ad libitum) from
birth to approximately
postnatal day 60
End of the experiment 7,14
and 21 days after tooth
extraction; n per group: 7

To investigate the effect of
chronic coffee intake on
calcium homeostasis and
alveolar bone repair after
tooth extraction in
growing rats.

Chronic coffee intake
increased plasma and urinary
calcium levels and decreased
bone calcium content, BMD,
and bone volume, resulting in
delayed bone repair.

2010
[111]

40-day-old Wistar male
rats

Coffee: infusion (100 g of
coffee powder in 1 L of
boiling water)
administered for 10 weeks
after surgery. Surgery
performed 6 weeks after
the start of coffee
treatment; n per group: 5

To investigate the effect of
coffee consumption alone
and with cigarette smoke
inhalation on bone healing
and osseous integration of
hydroxyapatite implants
in rats.

Coffee decreased the
formation of new bone and
osseous integration. Cigarette
smoke inhalation enhanced
the unfavorable coffee effect.

2013
[112]

30-day-old female
Sprague Dawley rats

Yerba mate: filtered
infusion (370 mg/L
caffeine; intake
20–70 mg/kg/day)
administered for 90 days;
animals fed diet
containing 0.2% or 0.9%
calcium; n per group: 6

To investigate the effects
of yerba mate infusion on
BMD, bone
histomorphometry, and
biomechanical properties
in rats.

Yerba mate consumption did
not adversely affect bone
parameters in rats. It partially
attenuated trabecular bone
loss induced by calcium
deficiency but did not prevent
biomechanical deterioration.

2015
[113]

Male Wistar rats; tooth
extraction performed at
postnatal day 60

Prenatal exposure:
maternal coffee intake
(50 mg/mL infusion, ad
libitum) for 30 days before
mating and during
pregnancy
Postnatal exposure: coffee
intake (50 mg/mL
infusion, ad libitum) from
birth to approximately
postnatal day 60
End of the experiment 7,14
and 21 days after tooth
extraction; n per group: 5

To investigate the effects
of prenatal caffeine
exposure and long-term
coffee consumption on
alveolar bone healing after
tooth extraction in
growing rats.

Chronic exposure to coffee
significantly reduced new
bone formation and delayed
alveolar bone healing after
tooth extraction.

2015
[103]
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Table 7. Cont.

Animals Caffeine Dose and Study
Conditions Aim Effects Year of

Publication/Reference

3-month-old male Wistar
rats

Yerba mate: instant
powder 20 mg/kg/day i.g.
for 28 days before and
28 days after tooth
extraction; n per group: 8

To investigate the effect of
yerba mate on alveolar
socket healing after tooth
extraction.

Yerba mate increased bone
area and osteocyte density in
the middle third of the
alveolar socket after tooth
extraction.

2018
[114]

16-month-old female
Wistar rats

Yerba mate: instant
powder 20 mg/kg/day by
gavage for 28 days; n per
group: 10

To investigate the effects
of yerba mate on bones of
old rats.

Yerba mate mitigated bone
deterioration in old rats.

2018
[115]

2–3-month-old male
Wistar rats with
experimental periodontitis

Robusta coffee bean
extract: 6.25%, 12.5%, 25%,
or 50% rinsed into the
periodontal pocket for
7 days; n per group: 4

To investigate the effect of
Robusta coffee bean
extract on antibacterial
activity and alveolar bone
regeneration in a rat
periodontitis model.

Robusta coffee bean extract at
a 50% concentration increased
osteoblast numbers, decreased
osteoclast numbers, and
enhanced BMP-2 expression,
indicating improved alveolar
bone repair in rats with
experimentally induced
periodontitis.

2023
[116]

BMD—bone mineral density.

Long-term coffee consumption (added to the diet) did not affect bone turnover mark-
ers, including serum osteocalcin, or the number of osteoclasts in rats [110]. Similarly, yerba
mate infusion did not negatively affect bone parameters and partially attenuated trabecular
bone loss induced by calcium deficiency [113]. Yerba mate instant powder was reported to
mitigate bone deterioration in old rats [115] and to increase bone area and osteocyte density
after tooth extraction in rats [114].

However, prenatal and chronic coffee exposure was associated with disturbances in
calcium homeostasis, including increased plasma and urinary calcium levels, decreased
bone calcium content, reduced BMD and bone volume, and delayed alveolar bone repair
after tooth extraction in rats [111]. Long-term coffee infusion consumption also decreased
new bone formation and osseus integration in young rats [112]. On the other hand, coffee
bean extract rinsed into the periodontal pocket enhanced alveolar bone regeneration by
increasing osteoblast numbers, decreasing osteoclast numbers, and increasing BMP-2
expression in rats with periodontitis [116].

3.8. Effect of Caffeine on Osteoblasts and Osteoblast-like Cells In Vitro

In vitro studies conducted on osteoblasts and osteoblast-like cells (primary calvarial
osteoblasts, MC3T3-E1, UMR106-01, SaOS-2, U2-OS, MG-63, and hFOB 1.19 cell lines)
showed that the effects of caffeine on cell metabolism and function are strongly dependent
on the concentration and cellular model (Table 8).

Table 8. Effect of caffeine on osteoblasts and osteoblast-like cells in vitro.

Model
Caffeine

Concentrations/Study
Conditions

Aim Effects Year of
Publication/Reference

Calvarial osteoblast cultures
from 16-day-old chicks Caffeine: 0.1–0.4 mM

To investigate the effects of
caffeine on osteoblast growth,
differentiation, and the
formation and mineralization
of the extracellular matrix
in vitro.

Caffeine caused a dose-dependent
decrease in osteocalcin, ALP, and
collagen, with the strongest inhibition
before mineral deposition. At 0.4 mM,
collagen remained inhibited on day 28,
and mineralization was not initiated
due to impaired extracellular matrix
formation.

1991
[117]

Rat osteoblast-like
UMR106-01 cells treated
with/without prostaglandin
E2 (PGE2)

Caffeine: 0.1 or 1.0 mM

To investigate the possible
interaction between caffeine
and PGE2 on the proliferation
of osteoblast-like cells in vitro.

Caffeine at a concentration of 0.1 mM
did not inhibit cell proliferation;
however, at 1.0 mM, it significantly
reduced the number of cells.

1999
[118]
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Table 8. Cont.

Model
Caffeine

Concentrations/Study
Conditions

Aim Effects Year of
Publication/Reference

Human osteoblastic SaOS-2
cells treated with/without
dexamethasone

Caffeine: 0.5 mM

To investigate the role of
caffeine in modulating
glucocorticoid receptor
function and
glucocorticoid-initiated gene
expression in human
osteoblastic cells.

Caffeine significantly enhanced
dexamethasone-induced reporter gene
expression in human osteoblast cells.
This effect was further enhanced by
forskolin and inhibited by RU486 and
was dependent on intracellular cyclic
AMP levels.

2005
[119]

Primary osteoblasts derived
from newborn Wistar rat
calvaria cells

Caffeine: 0.1–100 mM

To investigate the effect of
caffeine on osteoblast
metabolism and viability
in vitro.

Caffeine concentrations ≥1 mM
significantly reduced osteoblast
viability from day 3. On day 7,
a reduction in osteoblast activity was
observed at most concentrations.
Exposure to 10 mM caffeine
significantly reduced the formation of
ALP-positive colonies and calcified
nodules. Additionally, intracellular
levels of ALP, LDH, and PGE2 were
significantly reduced, while the level of
LDH released into the medium was
significantly increased.

2006
[120]

Human osteoblast-like cell
lines U2-OS and MG-63
treated with 1,25(OH)2D3

Caffeine: 0.2–10 mM

To investigate the effect of
caffeine on VDR protein
expression and on
1,25(OH)2D3-mediated
osteoblastic activity in human
osteoblast cells.

Caffeine dose dependently decreased
1,25(OH)2D3-induced protein
expression (by ~50% at 1 mM and ~70%
at 10 mM). It also reduced
1,25(OH)2D3-stimulated ALP activity
(~50% at 1 mM). Caffeine alone did not
affect basal ALP activity in osteoblastic
cells.

2007
[121]

Human osteoblast cell line
hFOB 1.19 cells Caffeine: 0.25–2 mM

To investigate the effect of
caffeine on cell death
mechanisms and signaling
pathways associated with
survival in human osteoblasts.

Caffeine reduced osteoblast viability in
a dose-dependent manner and induced
apoptosis (and, to a lesser extent,
necrosis). Caffeine also increased ROS
levels, elevated the Bax/Bcl-2 ratio,
caused loss of mitochondrial
membrane potential, and activated
caspase-9 and caspase-3. In addition,
caffeine induced PAK2 cleavage and
JNK activation.

2008
[122]

MC3T3-E1 cells (murine
preosteoblastic cells) Caffeine: 0.001–1 mM

To investigate the effect of
caffeine on the expression of
RANKL and OPG proteins in
mouse osteoblast cells.

Caffeine increased RANKL expression
and decreased OPG expression in
MC3T3-E1 cells, resulting in
an increase in the RANKL/OPG ratio.

2011
[80]

Primary calvarial
osteoblasts isolated from
neonatal Wistar rats

Caffeine: 25, 50 or
100 mg/kg/day (maternal
exposure during pregnancy)

To investigate the effect of
prenatal caffeine exposure on
the osteogenic potential of
osteoblasts isolated from
newborn rats.

In osteoblasts isolated from newborn
rats born to mothers that received
50 mg/kg/day of caffeine during
pregnancy, there was increased ALP
activity, collagen synthesis, a higher
percentage of mineralization nodules,
and increased expression of osteogenic
markers, including sialoprotein,
Runx-2, ALP, osteocalcin, osteopontin,
and type I collagen. Groups receiving
doses of 25 and 100 mg/kg/day of
caffeine showed changes in the
transcription of some osteogenic genes
but did not show increased
mineralization.

2015
[123]

MC3T3-E1 cells (murine
preosteoblastic cells)

Caffeine: 0.66, 1.66, or
3.33 µg/mL

To investigate the effect of
caffeine alone or with other
yerba mate (rutin, chlorogenic
acid) components on the
viability of preosteoblastic
cells in vitro.

In MC3T3-E1 cells, all concentrations of
caffeine significantly increased cell
viability. The combinations of rutin and
caffeine caused a significant increase in
MC3T3-E1 cell viability. Chlorogenic
acid and caffeine also significantly
increased MC3T3-E1 cell viability.

2024
[124]
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Table 8. Cont.

Model
Caffeine

Concentrations/Study
Conditions

Aim Effects Year of
Publication/Reference

MC3T3-E1 cells (murine
preosteoblastic cells) Caffeine: 3.125–50 µg/mL

To investigate the effect of
caffeine on preosteoblast
differentiation and
osteogenesis as well as
signaling pathways.

Caffeine at all concentrations
significantly increased ALP activity in
MC3T3-E1 cells. Caffeine
concentrations of 12.5 µg/mL
significantly increased Runx2 and
Osterix expression and inhibited the
phosphorylation of AKT, IκBα, P65,
ERK, JNK, and P38. However,
50 µg/mL of caffeine significantly
increased the phosphorylation of IκBα,
P65, JNK and AKT compared to the
group receiving 12.5 µg/mL, leading
to disruption of the balance between
osteoblastogenesis and
osteoclastogenesis.

2024
[96]

AKT—protein kinase B. ALP—alkaline phosphatase. AMP—adenosine monophosphate. Bax—Bcl2-associated X
protein. Bcl-2—B-cell lymphoma-2. ERK—extracellular signal-regulated kinases. IκBα—nuclear factor of kappa
light polypeptide gene enhancer in B-cell inhibitor alpha JNK—c-Jun N-terminal kinase. LDH—lactate dehydroge-
nase. OPG—osteoprotegerin. PAK2—p21 activated protein kinase 2. PGE2—prostaglandin E2. RANKL—receptor
activator of nuclear factor kappa-B ligand. ROS—reactive oxygen species. VDR—vitamin D receptor.

High concentrations of caffeine (0.2–10 mM) reduced osteoblast viability and ac-
tivity [118,120,122], decreased vitamin D receptor (VDR) protein expression and ALP
activity [121], and impaired extracellular matrix formation and mineralization [117,120].
Moreover, caffeine was reported to induce oxidative stress and apoptosis [122]. Caffeine
also increased RANKL expression and reduced OPG expression (0.001–1 mM) [80].

However, other studies demonstrated different or even opposite effects depending on
experimental conditions. Caffeine at 0.5 mM enhanced glucocorticoid receptor-mediated
gene expression via cAMP-dependent mechanisms [119]. Low concentrations of caffeine
(0.003–0.017 mM) increased cell viability in MC3T3-E1 cells [124], while moderate con-
centrations (12.5 µg/mL; 0.064 mM) stimulated osteogenic markers such as ALP activity
and Runx2 expression [96]. Moreover, prenatal exposure to caffeine (50 mg/kg/day) was
associated with increased osteogenic potential of osteoblasts, including enhanced ALP
activity, collagen synthesis, and mineralization [123].

3.9. Effect of Caffeine on Mesenchymal Stem/Stromal Cells In Vitro

The effects of caffeine on mesenchymal stem/stromal stem cells (bone marrow-derived
mesenchymal stem/stromal cells, adipose-derived stem cells, dental pulp stem cells) have
been investigated in different experimental conditions (Table 9).

Table 9. Effect of caffeine on mesenchymal stem/stromal cells in vitro.

Model
Caffeine

Concentrations/Study
Conditions

Aim Effects Year of
Publication/Reference

Rat bone marrow-derived
mesenchymal stromal cells
(BMSCs)

Caffeine: 0.1–1 mM

To investigate the effect of
caffeine on the viability and
osteogenic differentiation of
BMSCs.

Caffeine (0.1–1 mM) increased intracellular
cAMP levels and decreased cell viability in
a concentration-dependent manner,
inducing necrosis and apoptosis. It also
downregulated Cbfa1/Runx2, Col-I and
ALP, reduced ALP activity and calcium
deposition, and increased osteocalcin
mRNA and protein levels during BMSCs
osteogenesis.

2010
[125]

Primary rat adipose-derived
stem cells (ADSCs) Caffeine: 0.1–1 mM

To investigate the effect of
caffeine on osteogenic
differentiation and
mineralization of ADSCs.

Caffeine (0.1 mM) significantly enhanced
osteogenic differentiation and
mineralization and significantly increased
the expression of OPG, RUNX2, and SIRT1
in ADSCs. However, 0.3 and 1 mM caffeine
significantly inhibited osteogenic
differentiation and decreased the levels of
OPG, RUNX2, and SIRT1.

2013
[126]
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Table 9. Cont.

Model
Caffeine

Concentrations/Study
Conditions

Aim Effects Year of
Publication/Reference

M2-10B4 mouse bone
marrow stromal cells Caffeine: 0.1–1 mM

To investigate the effect of
caffeine on osteoblast
differentiation in M2-10B4
mouse bone marrow stromal
cells by assessing ALP
activity and ALP and
osteocalcin gene expression.

Caffeine (0.1 mM) significantly increased
ALP activity and increased the expression
of ALP and osteocalcin genes. However,
0.3 and 1 mM caffeine significantly
decreased ALP activity and decreased the
expression of ALP and osteocalcin in
M2-10B4 cells.

2013
[126]

Bone marrow mesenchymal
stem cells (BMSCs)

Caffeine: 25, 50 or
100 mg/kg/day p.o.
(maternal exposure during
pregnancy and lactation)

To investigate the effect of
caffeine on the osteogenic
differentiation of BMSCs
derived from the offspring of
rats exposed during
pregnancy and lactation.

Prenatal and lactational caffeine exposure
significantly inhibited osteogenic
differentiation of BMSCs derived from
offspring. Caffeine intake caused reduced
ALP activity (50–100 mg/kg), decreased
expression of osteogenic markers (Runx2,
BSP, ALP, Col-I), decreased osteocalcin
mRNA levels (50 mg/kg), and reduced
mineralization in all treated groups.

2016
[127]

Bone marrow-derived
mesenchymal stromal cells
(BMSCs) isolated from
osteoporotic rats

Caffeine: 0.1–0.4 mM
To investigate the effect of
estradiol on the caffeine effect
on BMSCs.

Caffeine reduced BMSCs proliferation in
a dose-dependent manner and increased
apoptosis (minimum inhibitory
concentration: 0.2 mM). It also inhibited
osteogenic differentiation, reflected by
decreased mineralization and reduced
expression of osteogenic markers (Runx2,
Col-I, osteocalcin) while increasing the
RANKL/OPG ratio and intracellular
cAMP levels. The effects were blunted by
estradiol.

2018
[94]

Bone marrow mesenchymal
stem cells (BMSCs) from
female C57BL/6J mice

Caffeine: 0.01–1.0 mM

To investigate the effect of
caffeine on the biological
functions and differentiation
potential of BMSCs.

Caffeine significantly reduced the viability,
proliferation, migration, and pluripotency
of BMSCs and also significantly inhibited
osteogenic differentiation, resulting in
reduced mineralization and decreased
expression of osteogenic markers (Runx2,
Osterix, osteocalcin). Caffeine significantly
promoted the adipogenic differentiation of
BMSCs, causing increased lipid droplet
formation and increased expression of
adipogenic markers.

2021
[88]

Human dental pulp stem
cells (DPSCs) Caffeine: 0.125–8.03 µM To investigate the effect of

caffeine on DPSCs.

Caffeine at a concentration of 8.03 µM
significantly increased the adipogenic
differentiation of DPSCs. No statistically
significant effect on cell viability, cell
proliferation, or COX-1 and COX-2
expression was observed.

2025
[128]

ADSCs—adipose-derived stem cells. ALP—alkaline phosphatase. BMSCs—bone marrow-derived mesenchymal
stem cells. cAMP—cyclic adenosine monophosphate. Col-I—collagen I. COX-1—cyclooxygenase 1. COX-2—
cyclooxygenase 2. DPSCs—dental pulp stem cells. OPG—osteoprotegerin. p.o.—per os (orally). RANKL—receptor
activator of nuclear factor kappa-B ligand.

Caffeine at high concentrations (0.1–1.0 mM) reduced cell viability and proliferation,
increased apoptosis in bone marrow-derived mesenchymal stem cells (BMSCs) [88,125],
and inhibited osteogenic differentiation [88,94,125]. Also, administration of caffeine during
pregnancy and lactation inhibited the osteogenic differentiation of mesenchymal stem cells
derived from the rat offspring [127]. Caffeine also promoted adipogenic differentiation
of BMSCs, as evidenced by increased lipid accumulation and expression of adipogenic
markers [88]. In dental pulp stem cells (DPSCs), caffeine at low concentrations did not
affect cell viability or proliferation, but a concentration of 8.03 µM increased adipogenic
differentiation [128].

However, bidirectional effects were also observed. At a concentration of 0.1 mM,
caffeine enhanced osteogenic differentiation and increased the expression of osteogenic
markers such as RUNX2, OPG, and SIRT1 in adipose-derived stem cells (ADSCs), whereas
higher concentrations (0.3–1 mM) resulted in inhibitory effects [126].
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Furthermore, yerba mate extract (unspecified caffeine concentration) exhibited dose-
dependent effects, with lower concentrations enhancing osteogenic differentiation and
higher concentrations reducing viability, mineralization, and ALP activity in BMSCs [129].

3.10. Effect of Caffeine on Osteoclastogenesis In Vitro

In vitro studies on osteoclast precursor cells indicate that the effects of caffeine on
osteoclastogenesis are dependent on the concentration and cell culture model (Table 10).

Table 10. Effect of caffeine on osteoclasts in vitro.

Model Caffeine Concentrations Aim Effects Year of
Publication/Reference

Bone marrow cells isolated
from femurs of 5-week-old
ICR mice induced by RANKL
and M-CSF

Caffeine: 0.005 or 0.01 mM

To investigate the effect of
caffeine on osteoclast
differentiation from bone
marrow HSCs.

Caffeine increased osteoclast
differentiation from bone marrow
cells, demonstrated by an
increased number of
TRAP-positive multinucleated
cells. Caffeine also increased the
bone resorption activity of
osteoclasts, shown by an increased
formation of pits in the resorption
assay.

2011
[80]

RAW264.7 murine
monocyte/macrophage cell
line treated with/without
RANKL

Caffeine: 1, 10 or 100 µM

To investigate the effect of
caffeine on osteoclast
differentiation and maturation
and to determine the
associated molecular
mechanisms.

In RAW264.7 cells, caffeine
increased osteoclast
differentiation and maturation,
probably through p38 MAPK
activation.

2013
[48]

RAW264.7 murine
monocyte/macrophage cell
line treated with RANKL

Caffeine: 3.125, 12.5, or
50 µg/mL

To investigate the effect of
caffeine on osteoclast
differentiation and underlying
molecular mechanisms in
RANKL-induced
RAW264.7 cells.

Lower caffeine concentrations
inhibited RANKL-induced
osteoclastogenesis in RAW264.7
cells. Also, the phosphorylation of
MAPK and NF-κB signaling
proteins was inhibited. High
caffeine concentrations increased
the number of TRAP-positive
multinucleated osteoclasts.

2024
[96]

RAW264.7 murine
monocyte/macrophage cell
line treated with RANKL

Caffeine: 1–300 µM

To investigate the effects of
caffeine on osteoclastogenesis
and bone resorption activity in
RANKL-induced
RAW264.7 cells.

Low concentrations
(1–10 µM) of caffeine promoted
RANKL-induced osteoclast
differentiation and bone
resorption activity in RAW264.7
cells (increased numbers of
TRAP-positive multinucleated
osteoclasts and increased release
of fluorescent resorption markers).
However, higher concentrations of
caffeine (30–300 µM) significantly
inhibited osteoclast differentiation
and bone resorption activity.
Moreover, A1R inhibition reduced
the stimulatory effect of caffeine
on osteoclast formation.

2025
[130]

A1R—adenosine A1 receptor. HSCs—hematopoietic stem cells. MAPK—mitogen-activated protein kinase. M-
CSF—macrophage colony-stimulating factor. NF-κB—nuclear factor kappa-light-chain-enhancer of activated B
cells. RANKL—receptor activator of nuclear factor kappa-B ligand. TRAP—tartrate-resistant acid phosphatase.

Most studies reported on increased osteoclastogenesis induced by caffeine. Caffeine
at low concentrations (≤0.01 mM) enhanced osteoclast differentiation and resorptive ac-
tivity, as demonstrated by an increased number of TRAP-positive multinucleated cells
and increased resorption in bone marrow cell culture [80]. Caffeine at low-to-moderate
concentrations also strongly increased osteoclastogenesis in RAW264.7 cells [48,130], while
higher concentrations inhibited it [130]. On the other hand, it was reported that low
concentrations of caffeine may inhibit osteoclastogenesis in RAW264.7 cell culture, while
the highest concentration studied increased the number of TRAP-positive multinucleated
osteoclasts [96].
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3.11. Effect of Caffeine on Other Bone-Related Models In Vitro

The effects of caffeine have also been investigated in in vitro models in which calvarial
bone, periodontal ligament cells, growth plate chondrocytes, and osteocyte-like cells were
cultured (Table 11).

In calvarial bone in vitro culture, caffeine at various concentrations (0.026–2.6 mM) did
not significantly affect calcium release into the culture medium or induce morphological
changes in bone tissue [131]. However, under different experimental conditions, caffeine
at high concentrations (0.3–1 mM) increased the release of 45Ca, indicating stimulation of
bone resorption [132], while at low-to-moderate concentrations (0.005–0.1 mM), it increased
COX-2 protein expression and PGE2 production [80].

Table 11. Effect of caffeine on other bone-related models in vitro.

Model Caffeine Concentrations Aim Effects Year of
Publication/Reference

Neonatal calvaria isolated
from 6-day-old
Swiss-Webster, Vancouver
mice

Caffeine: 0.026–2.6 mM

To investigate the effect of
caffeine on bone calcium
release from neonatal
mouse calvaria in an
in vitro culture system.

Caffeine did not significantly
affect calcium release into the
culture medium and did not
cause morphological changes
in the calvarial bone.

1988
[131]

Neonatal mouse calvaria Caffeine: 0.1–1 mM

To investigate the effect of
caffeine on bone
resorption (45Ca release)
in vitro in organ culture of
neonatal mouse calvaria.

Caffeine (0.3 or 1 mM)
increased the release of 45Ca
from the calvaria of newborn
mice after 120 h of culture,
indicating stimulation of
bone resorption, while no
effect was observed after 48 h.
The effect was
concentration-dependent,
with stimulation observed at
caffeine concentrations of 0.3
and 1 mM.

1992
[132]

Neonatal mouse calvaria
(6-day-old ICR mice) Caffeine: 0.005–0.1 mM

To investigate the effect of
caffeine on PGE2
production and
inflammatory signaling
involved in
osteoclast-related bone
metabolism in calvarial
bone tissue.

Caffeine increased COX-2
protein expression and PGE2
production in neonatal mouse
calvarial bone tissue culture.

2011
[80]

Human periodontal
ligament cells (PDL) Caffeine: 0.01 mM

To investigate the effect of
caffeine on PDL cells
under mechanical
compression.

Caffeine (0.01 mM)
significantly increased
compression-induced
expression of RANKL,
COX-2, and PGE2 production
in PDL cells. The culture
medium from PDL cells
under compression
significantly increased
formation of TRAP-positive
osteoclasts in the co-culture
of osteoblasts/osteoclast
precursors.

2016
[104]
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Table 11. Cont.

Model Caffeine Concentrations Aim Effects Year of
Publication/Reference

Primary growth plate
chondrocytes of
17-day-old rats

Caffeine: 0.1–1 mM

To investigate the effect of
caffeine on the
proliferation and
chondrogenic
differentiation of growth
plate chondrocytes.

Caffeine significantly
decreased proliferation of
primary rat growth plate
chondrocytes. Caffeine also
reduced extracellular matrix
production and
mineralization and decreased
ALP activity. Additionally,
caffeine decreased expression
of the chondrogenic markers
Aggrecan, type II collagen,
and type X collagen.

2017
[83]

MLO-Y4 osteocyte-like
cells

Caffeine: 0.66, 1.66, or
3.33 µg/mL

To investigate the effect of
caffeine alone or in
combination with other
yerba mate components
on osteocyte viability
in vitro.

Caffeine significantly
increased the viability of
MLO-Y4 osteocytes at the
two highest concentrations.
Some combinations of
caffeine and rutin also
increased osteocyte viability.
However, the combination of
caffeine and chlorogenic acid
had no effect on the viability
of MLO-Y4 cells.

2024
[124]

ALP—alkaline phosphatase. COX-2—cyclooxygenase 2. PDL—periodontal ligament cells. PGE2—prostaglandin
E2. RANKL—receptor activator of nuclear factor kappa-B ligand. TRAP—tartrate-resistant acid phosphatase.

Caffeine at low concentrations (0.01 mM) increased RANKL expression, COX-2 ex-
pression, and PGE2 production in periodontal ligament cells and enhanced the formation
of TRAP-positive osteoclasts in co-culture systems [104].

Moreover, caffeine at high concentrations (0.1–1 mM) reduced the proliferation and
chondrogenic differentiation of growth plate chondrocytes as well as extracellular matrix
production and mineralization [83]. In contrast, in osteocyte-like cells, caffeine at high
concentrations (approximately 0.05–0.25 mM) increased cell viability [124].

3.12. Effect of Caffeine on Fetuses and Offspring Skeletal Systems

Prenatal caffeine exposure has been investigated in numerous experimental studies.
As stated before, the complexity and importance of the problem require separate, detailed
analysis. Taken together, available evidence indicates that prenatal exposure to very
high doses of caffeine (most commonly ≥100 mg/kg/day) is associated with adverse
effects on fetal skeletal development as well as persistent negative outcomes observed
in offspring [53,133–149]. Low-to-moderate doses of caffeine generally produced less
pronounced detrimental effects on fetal bone development [150–157].

4. Discussion
Despite advances in the pharmacotherapy of skeletal disorders, osteoporosis manage-

ment requires an individualized approach, as no single treatment is universally effective in
all conditions [56,57,158]. Increasing attention has therefore focused on modifiable environ-
mental and dietary factors. Among these, caffeine and caffeine-containing products have
been investigated as potential modulators of bone metabolism.

The present review demonstrates that the effects of caffeine on the skeletal system are
complex and strongly dependent on the dose, experimental model, and pathophysiologi-
cal context. The results of the analyzed experimental studies consistently demonstrated
that caffeine at high doses exerted adverse skeletal outcomes (for example, [75,77,81,84]);
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however low-to-moderate caffeine doses exerted generally either neutral or favorable
effects [72,73,86].

Importantly, the interpretation of experimental doses requires consideration of inter-
species differences. In humans, caffeine intake is typically classified as low (<200 mg/day),
moderate (200–400 mg/day), and high (>400 mg/day) [34], which, assuming an average
body mass of 65 kg, corresponds to approximately <3.1 mg/kg/day, 3.1–6.2 mg/kg/day
and >6.2 mg/kg/day, respectively.

These doses correspond approximately to rat doses of <19, 19–38, and >38 mg/kg/day,
respectively, and to even bigger mouse doses: <38 mg/kg/day, 38–76 mg/kg/day
and >76 mg/kg/day [159]. The estimated lethal dose (LD50) of caffeine in male rats is
367 mg/kg p.o. [160]. Many studies included in this review used doses within or mod-
erately above the translational range. Caffeine was administered using various routes,
including in the diet or in drinking water, by oral gavage/intragastric, and by intraperi-
toneal or subcutaneous injection, which may influence its pharmacokinetics and biological
effects. For example, intragastrical administration of caffeine by oral gavage once or twice
daily seems to better correspond to coffee drinking in humans than oral administration
in the diet or drinking water. As far as other routes of administration are concerned, in-
traperitoneal administration of small molecules usually results in faster and more complete
absorption than oral or subcutaneous routes [161].

An important factor contributing to the diversity of the results analyzed is the du-
ration of caffeine exposure in relation to the length of life and developmental stage of
the experimental animals. In rodents, biological maturation occurs much more rapidly
than in humans; consequently, even relatively short experimental periods may correspond
to long-term exposure on a human scale. On average, one day in rat life corresponds
approximately to 26.7 days of human life [162], whilst one day in mouse life corresponds
to approximately 40 days of human life [163]. Consequently, experiments on rats lasting
4 weeks correspond approximately to more than 2 years of human life, whilst a 12-week
exposure to a substance may reflect more than 6 years of chronic consumption.

This issue appears to be particularly significant in studies conducted on rapidly
growing animals. In most experiments showing adverse effects on the skeletal system,
caffeine was administered over a prolonged period, beginning shortly after weaning or
during periods of rapid skeletal growth [81–85]. High doses of caffeine administered over
4–8 weeks impaired bone longitudinal growth and mineralization [81,83–85]. Considering
the rapid maturation of rodents, these exposure periods may correspond to years of caffeine
consumption during childhood or adolescence in humans. Similarly, the 20-week exposure
in growing rats reported in [80] may reflect chronic consumption over a significant portion
of skeletal maturation.

Caffeine, in addition to its widespread dietary consumption, is also a Food and
Drug Administration (FDA)-approved medicinal product (as caffeine citrate), used pri-
marily in the treatment of apnea of prematurity. Clinical studies in preterm infants
have demonstrated an association between caffeine therapy and an increased risk of os-
teopenia of prematurity as well as reduced bone mineral content [164–166], indicating
that the skeletal effects of caffeine may be highly dependent on the developmental and
pathophysiological context.

In experimental models of estrogen deficiency, which mimic postmenopausal osteo-
porosis, the effects of caffeine appear to depend on dose and experimental conditions. High
doses were associated with the deterioration of bone mechanical properties and increased
trabecular bone loss [94]. Administration of caffeine in the diet (20 and 40 mg/kg) led
to a slight worsening of bone properties of aged and young ovariectomized rats [92,93].
However, the majority of more recent studies do not confirm bone damage induced by
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caffeine at moderate doses. Only one study reported the deleterious effect of low-dose
(6 mg/kg in the diet) caffeine [91]. Other studies, using more advanced methods, demon-
strated no bone damage [95] or favorable effects [86,96]. These results suggest that, in
estrogen deficiency, moderate caffeine intake may counteract bone deterioration rather than
exacerbate it. We have demonstrated that moderate caffeine intake may exert protective
effects in ovariectomized rats; caffeine at 20 mg/kg/day (bolus p.o. doses) improved bone
mineralization, trabecular bone structure, and mechanical strength, partially inhibiting
the development of osteoporotic changes in ovariectomized rats [86]. These findings were
consistent with the results of a recent study on ovariectomized mice [96].

The cellular mechanisms underlying these effects are not fully elucidated. Caffeine
acts as a non-selective antagonist of adenosine receptors (A1, A2A, A2B, and A3) [31,167].
Adenosine is involved in the regulation of bone remodeling processes, with its receptors
expressed in both osteoblasts and osteoclasts [168–170]. Experimental data indicate that
adenosine receptor subtypes may exert different effects on bone metabolism; A1 receptor
signaling is associated with osteoclast-mediated bone resorption, whereas A2B receptor
activation promotes osteoblast differentiation [171–173]. However, the extent to which
these mechanisms contribute to the skeletal effects of caffeine in vivo remains uncertain
and likely depends on dose and biological context.

The results of in vitro studies further support the importance of the concentrations
of caffeine investigated. Physiological plasma concentrations of caffeine in humans typ-
ically reach micromolar levels (approximately up to 50 µM) [17], whereas many in vitro
experiments used concentrations in the millimolar range. This discrepancy limits the direct
translational value of some in vitro findings, particularly those demonstrating reduced cell
viability, impaired mineralization, or induction of apoptosis at high concentrations.

The observed effects of caffeine on osteoblasts, mesenchymal stem cells, and osteoclast
precursors consistently indicate that caffeine modulates the proliferation, differentiation, and
activity of bone cells in a concentration-dependent manner [48,80,88,94,96,117–123,125–130].
High concentrations tend to inhibit osteoblast function, whereas lower concentrations may
enhance osteogenic differentiation or exert neutral effects [80,96,117–123]. The effects of
caffeine on osteoclastogenesis are inconsistent [48,80,96,130].

Another important aspect concerns the differences between the ways by which caffeine
is consumed. In human studies, caffeine intake is usually estimated based on consumption
of beverages such as coffee or tea, whereas in experimental models, caffeine is administered
as a pure compound, usually at precisely controlled doses. Natural sources of caffeine,
including coffee and yerba mate, contain numerous bioactive compounds such as polyphe-
nols and diterpenes, which may independently influence bone metabolism [110,113]. For
example, we have demonstrated the unfavorable effect of trigonelline, an alkaloid present
in coffee in considerable amounts, on the skeletal system in ovariectomized rats [174].
Therefore, the effects observed in studies using these products cannot be attributed solely
to caffeine.

It should be taken into account that not only caffeine itself but also its metabolites
may exert their effects on bone tissue. In both rats and humans, caffeine is metabolized
by CYP1A2, and the main metabolites of caffeine are theophylline, theobromine and
paraxanthine. In rats, their amounts are similar, whereas in humans, paraxanthine is
a primary metabolite [175]. So far, it has been reported that theobromine administered
at a low dose of 10 mg/kg to pregnant and lactating rats as well as later to the offspring
accelerated skeletal development [176], whereas chronic administration of theophylline
(50 and 100 mg/kg) induced severe dose and time-dependent osteopenia in adult male
rats [177]. These results are consistent with the results of caffeine studies reviewed here (no
data on the bone effects of paraxanthine were found).

https://doi.org/10.3390/nu18132089

https://doi.org/10.3390/nu18132089


Nutrients 2026, 18, 2089 25 of 33

Moreover, individual variability in response to caffeine should be considered. Genetic
factors, particularly polymorphisms in the CYP1A2 gene, significantly influence caffeine
metabolism, with interindividual differences in clearance reaching up to 40-fold [178].
These differences may also affect the relationship between caffeine intake and bone mineral
density, as suggested by genotype-dependent associations between coffee consumption
and bone health [179].

Taken together, the available evidence suggests that the effects of caffeine on the
skeletal system cannot be generalized without considering dose, experimental model, and
physiological context. The results of the review are summarized in Figure 1. While high
doses of caffeine may exert detrimental effects on bone development and remodeling,
low-to-moderate intake appears to be safe and may even exert beneficial effects on the
skeletal system under certain conditions, particularly in relation to estrogen deficiency.
This is consistent with growing evidence on the health benefits of moderate coffee drinking.
However, further studies are required to fully recognize the mechanisms underlying coffee
effects on the skeletal system and to establish the relevance of the experimental findings to
human bone health.

Figure 1. Summary of the results of experimental studies on caffeine effects on the skeletal system.

The data presented in the review support the notion that moderate caffeine intake
in adults within commonly consumed dietary ranges is unlikely to adversely affect bone
health in healthy individuals. However, caution may be warranted in specific populations,
such as pregnant women, children, adolescents, or individuals with low calcium intake.
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7. Čižmárová, B.; Kraus, V.; Birková, A. Caffeinated Beverages—Unveiling Their Impact on Human Health. Beverages 2025, 11, 18.
[CrossRef]

8. Saimaiti, A.; Zhou, D.-D.; Li, J.; Xiong, R.-G.; Gan, R.-Y.; Huang, S.-Y.; Shang, A.; Zhao, C.-N.; Li, H.-Y.; Li, H.-B. Dietary Sources,
Health Benefits, and Risks of Caffeine. Crit. Rev. Food Sci. Nutr. 2023, 63, 9648–9666. [CrossRef] [PubMed]

9. Verster, J.C.; Koenig, J. Caffeine Intake and Its Sources: A Review of National Representative Studies. Crit. Rev. Food Sci. Nutr.
2018, 58, 1250–1259. [CrossRef] [PubMed]

10. Poole, R.; Kennedy, O.J.; Roderick, P.; Fallowfield, J.A.; Hayes, P.C.; Parkes, J. Coffee Consumption and Health: Umbrella Review
of Meta-Analyses of Multiple Health Outcomes. BMJ 2017, 359, j5024. [CrossRef] [PubMed]

11. McLellan, T.M.; Caldwell, J.A.; Lieberman, H.R. A Review of Caffeine’s Effects on Cognitive, Physical and Occupational
Performance. Neurosci. Biobehav. Rev. 2016, 71, 294–312. [CrossRef] [PubMed]

12. Blum, D.; Cailliau, E.; Béhal, H.; Vidal, J.; Delaby, C.; Buée, L.; Allinquant, B.; Gabelle, A.; Bombois, S.; Lehmann, S.; et al.
Association of Caffeine Consumption with Cerebrospinal Fluid Biomarkers in Mild Cognitive Impairment and Alzheimer’s
Disease: A BALTAZAR Cohort Study. Alzheimers Dement. 2024, 20, 6948–6959. [CrossRef] [PubMed]

13. Kolahdouzan, M.; Hamadeh, M.J. The Neuroprotective Effects of Caffeine in Neurodegenerative Diseases. CNS Neurosci. Ther.
2017, 23, 272–290. [CrossRef] [PubMed]

14. Li, J.; Yu, K.; Bu, F.; Li, P.; Hao, L. Exploring the Impact of Coffee Consumption and Caffeine Intake on Cognitive Performance in
Older Adults: A Comprehensive Analysis Using NHANES Data and Gene Correlation Analysis. Nutr. J. 2025, 24, 102. [CrossRef]
[PubMed]

15. Mendoza, M.F.; Sulague, R.M.; Posas-Mendoza, T.; Lavie, C.J. Impact of Coffee Consumption on Cardiovascular Health. Ochsner
J. 2023, 23, 152–158. [CrossRef] [PubMed]

16. Rodak, K.; Kokot, I.; Kratz, E.M. Caffeine as a Factor Influencing the Functioning of the Human Body—Friend or Foe? Nutrients
2021, 13, 3088. [CrossRef] [PubMed]

17. Song, X.; Singh, M.; Lee, K.E.; Vinayagam, R.; Kang, S.G. Caffeine: A Multifunctional Efficacious Molecule with Diverse Health
Implications and Emerging Delivery Systems. Int. J. Mol. Sci. 2024, 25, 12003. [CrossRef] [PubMed]

18. Heazell, A.E.P.; Timms, K.; Scott, R.E.; Rockliffe, L.; Budd, J.; Li, M.; Cronin, R.; McCowan, L.M.E.; Mitchell, E.A.; Stacey, T.; et al.
Associations between Consumption of Coffee and Caffeinated Soft Drinks and Late Stillbirth—Findings from the Midland and
North of England Stillbirth Case-Control Study. Eur. J. Obstet. Gynecol. Reprod. Biol. 2021, 256, 471–477. [CrossRef] [PubMed]

19. Khiali, S.; Agabalazadeh, A.; Sahrai, H.; Bannazadeh Baghi, H.; Rahbari Banaeian, G.; Entezari-Maleki, T. Effect of Caffeine
Consumption on Cardiovascular Disease: An Updated Review. Pharm. Med. 2023, 37, 139–151. [CrossRef] [PubMed]

https://doi.org/10.3390/nu18132089

https://doi.org/10.7759/cureus.86215
https://www.ncbi.nlm.nih.gov/pubmed/40677435
https://doi.org/10.1016/j.ejmcr.2024.100138
https://doi.org/10.3390/nu10111772
https://www.ncbi.nlm.nih.gov/pubmed/30445721
https://doi.org/10.1111/bph.14898
https://www.ncbi.nlm.nih.gov/pubmed/31650528
https://doi.org/10.3390/nu13020537
https://www.ncbi.nlm.nih.gov/pubmed/33562156
https://doi.org/10.3390/beverages11010018
https://doi.org/10.1080/10408398.2022.2074362
https://www.ncbi.nlm.nih.gov/pubmed/35574653
https://doi.org/10.1080/10408398.2016.1247252
https://www.ncbi.nlm.nih.gov/pubmed/28605236
https://doi.org/10.1136/bmj.j5024
https://www.ncbi.nlm.nih.gov/pubmed/29167102
https://doi.org/10.1016/j.neubiorev.2016.09.001
https://www.ncbi.nlm.nih.gov/pubmed/27612937
https://doi.org/10.1002/alz.14169
https://www.ncbi.nlm.nih.gov/pubmed/39099181
https://doi.org/10.1111/cns.12684
https://www.ncbi.nlm.nih.gov/pubmed/28317317
https://doi.org/10.1186/s12937-025-01173-x
https://www.ncbi.nlm.nih.gov/pubmed/40597402
https://doi.org/10.31486/toj.22.0073
https://www.ncbi.nlm.nih.gov/pubmed/37323518
https://doi.org/10.3390/nu13093088
https://www.ncbi.nlm.nih.gov/pubmed/34578966
https://doi.org/10.3390/ijms252212003
https://www.ncbi.nlm.nih.gov/pubmed/39596082
https://doi.org/10.1016/j.ejogrb.2020.10.012
https://www.ncbi.nlm.nih.gov/pubmed/33218821
https://doi.org/10.1007/s40290-023-00466-y
https://www.ncbi.nlm.nih.gov/pubmed/36995515
https://doi.org/10.3390/nu18132089


Nutrients 2026, 18, 2089 27 of 33

20. Pina Cabral, J.; Sousa, D.L.; Carvalho, C.; Girao, A.; Pacheco Mendes, A.; Pina, R. Caffeine Intoxication: Unregulated, Over-the-
Counter Sale of Potentially Deadly Supplements. Cureus 2022, 14, e21045. [CrossRef] [PubMed]

21. Harris, S.; Dawson-Hughes, B. Caffeine and Bone Loss in Healthy Postmenopausal Women. Am. J. Clin. Nutr. 1994, 60, 573–578.
[CrossRef] [PubMed]

22. Kiel, D.P.; Felson, D.T.; Hannan, M.T.; Anderson, J.J.; Wilson, P.W.F. Caffeine and The Risk of Hip Fracture: The Framingham
Study. Am. J. Epidemiol. 1990, 132, 675–684. [CrossRef] [PubMed]

23. Grosso, G.; Godos, J.; Galvano, F.; Giovannucci, E.L. Coffee, Caffeine, and Health Outcomes: An Umbrella Review. Annu. Rev.
Nutr. 2017, 37, 131–156. [CrossRef] [PubMed]

24. Hallström, H.; Byberg, L.; Glynn, A.; Lemming, E.W.; Wolk, A.; Michaelsson, K. Long-Term Coffee Consumption in Relation to
Fracture Risk and Bone Mineral Density in Women. Am. J. Epidemiol. 2013, 178, 898–909. [CrossRef] [PubMed]

25. Hallström, H.; Wolk, A.; Glynn, A.; Michaëlsson, K.; Byberg, L. Coffee Consumption and Risk of Fracture in the Cohort of
Swedish Men (COSM). PLoS ONE 2014, 9, e97770. [CrossRef] [PubMed]

26. Liu, Q.-P.; Chai, S.-T. Caffeine Intake Is Inversely Associated with Osteoporosis Risk Based on Cross-Sectional and Genetic
Evidence. Sci. Rep. 2025, 15, 20720. [CrossRef] [PubMed]

27. Wikoff, D.; Welsh, B.T.; Henderson, R.; Brorby, G.P.; Britt, J.; Myers, E.; Goldberger, J.; Lieberman, H.R.; O’Brien, C.; Peck, J.; et al.
Systematic Review of the Potential Adverse Effects of Caffeine Consumption in Healthy Adults, Pregnant Women, Adolescents,
and Children. Food Chem. Toxicol. 2017, 109, 585–648. [CrossRef] [PubMed]

28. Yang, P.; Zhang, X.-Z.; Zhang, K.; Tang, Z. Associations between Frequency of Coffee Consumption and Osteoporosis in Chinese
Postmenopausal Women. Int. J. Clin. Exp. Med. 2015, 8, 15958–15966. [PubMed]

29. Yu, Q.; Liu, Z.-H.; Lei, T.; Tang, Z. Subjective Evaluation of the Frequency of Coffee Intake and Relationship to Osteoporosis in
Chinese Men. J. Health Popul. Nutr. 2016, 35, 24. [CrossRef] [PubMed]

30. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on the Safety of Caffeine. EFSA J. 2015,
13, 4102. [CrossRef]

31. Daly, J.W. Caffeine Analogs: Biomedical Impact. Cell. Mol. Life Sci. 2007, 64, 2153–2169. [CrossRef] [PubMed]
32. Ribeiro, J.A.; Sebastião, A.M. Caffeine and Adenosine. J. Alzheimer’s Dis. 2010, 20, S3–S15. [CrossRef] [PubMed]
33. Alasmari, F. Caffeine Induces Neurobehavioral Effects through Modulating Neurotransmitters. Saudi Pharm. J. 2020, 28, 445–451.

[CrossRef] [PubMed]
34. Cappelletti, S.; Daria, P.; Sani, G.; Aromatario, M. Caffeine: Cognitive and Physical Performance Enhancer or Psychoactive Drug?

Curr. Neuropharmacol. 2015, 13, 71–88. [CrossRef] [PubMed]
35. Francis, S.H.; Sekhar, K.R.; Ke, H.; Corbin, J.D. Inhibition of Cyclic Nucleotide Phosphodiesterases by Methylxanthines and

Related Compounds. In Methylxanthines; Handbook of Experimental Pharmacology; Springer: Berlin/Heidelberg, Germany,
2011; Volume 200, pp. 93–133, ISBN 978-3-642-13442-5.

36. Isokawa, M. Caffeine-Induced Suppression of GABAergic Inhibition and Calcium-Independent Metaplasticity. Neural Plast. 2016,
2016, 1239629. [CrossRef] [PubMed]

37. Yang, J.Y.; Yang, G.; Ren, J.; Zhao, J.; Li, S. Caffeine Suppresses GABA Receptor-Mediated Current in Rat Primary Sensory
Neurons via Inhibition of Intracellular Phosphodiesterase. Neurophysiology 2015, 47, 108–114. [CrossRef]

38. Kaczmarczyk-Sedlak, I.; Folwarczna, J.; Sedlak, L.; Zych, M.; Wojnar, W.; Szumińska, I.; Wyględowska-Promieńska, D.; Mrukwa-
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98. Folwarczna, J.; Janas, A.; Cegieła, U.; Pytlik, M.; Śliwiński, L.; Matejczyk, M.; Nowacka, A.; Rudy, K.; Krivošíková, Z.; Štefíková,
K.; et al. Caffeine at a Moderate Dose Did Not Affect the Skeletal System of Rats with Streptozotocin-Induced Diabetes. Nutrients
2017, 9, 1196. [CrossRef] [PubMed]
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at 45 ◦C on Bone Tissue Development. Ann. Agric. Environ. Med. 2014, 21, 804–809. [CrossRef] [PubMed]
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