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Interactions between mesenchymal stem cells,
adipocytes, and osteoblasts in a 3D tri-culture
model of hyperglycemic conditions in the bone
marrow microenvironment†

Torri E. Rinker,‡a Taymour M. Hammoudi,‡a Melissa L. Kemp,a Hang Lub and
Johnna S. Temenoff*a

Recent studies have found that uncontrolled diabetes and consequential hyperglycemic conditions can lead

to an increased incidence of osteoporosis. Osteoblasts, adipocytes, and mesenchymal stem cells (MSCs) are

all components of the bone marrow microenvironment and thus may have an effect on diabetes-related

osteoporosis. However, few studies have investigated the influence of these three cell types on each other,

especially in the context of hyperglycemia. Thus, we developed a hydrogel-based 3D culture platform

engineered to allow live-cell retrieval in order to investigate the interactions between MSCs, osteoblasts, and

adipocytes in mono-, co-, and tri-culture configurations under hyperglycemic conditions for 7 days of

culture. Gene expression, histochemical analysis of differentiation markers, and cell viability were measured

for all cell types, and MSC-laden hydrogels were degraded to retrieve cells to assess their colony-forming

capacity. Multivariate models of gene expression data indicated that primary discrimination was dependent on

the neighboring cell type, validating the need for co-culture configurations to study conditions modeling this

disease state. MSC viability and clonogenicity were reduced when mono- and co-cultured with osteoblasts at

high glucose levels. In contrast, MSCs showed no reduction of viability or clonogenicity when cultured with

adipocytes under high glucose conditions, and the adipogenic gene expression indicates that cross-talk

between MSCs and adipocytes may occur. Thus, our unique culture platform combined with post-culture

multivariate analysis provided a novel insight into cellular interactions within the MSC microenvironment and

highlights the necessity of multi-cellular culture systems for further investigation of complex pathologies such

as diabetes and osteoporosis.

Insight, innovation, integration
In this work, the utility of biomaterial-based platforms with on-demand degradation in combination with multivariate statistical analysis to model
perturbations in the stem cell microenvironment is demonstrated. Within a 3D hydrogel platform, we co-cultured MSCs, adipocytes, and osteoblasts, three
cell types implicated in diabetes-related osteoporosis, under normal and hyperglycemic conditions, to understand how cell-derived soluble factors and
environmental perturbations influence the stem cell microenvironment. The implementation of an enzymatically-degradable component within the platform
allowed retrieval of viable MSCs for further culture and clonogenicity analysis. This system provides unique capabilities that will better enable future studies to
elucidate how complex interactions between various cellular components at the tissue and organ levels result in pathological progression or tissue healing.

Introduction

Diabetes is associated with insulin deficiency (type I) or resistance
(type II) and consequential dysregulation in adipose tissue and
energy metabolism.1 Notably, both type I and II diabetes are
associated with increased risk of osteoporosis, a skeletal dis-
order characterized by low bone mass and microarchitectural
deterioration of the bone.2 Among other cell types, adipocytes
and osteoblasts are dysregulated during the progression of
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diabetes and resulting secondary osteoporosis.3 As both cell
types are differentiated from mesenchymal stem cells (MSCs)
and are components of the bone marrow microenvironment,1,3,4

it is possible that the progression of these diseases involves
altered MSC behavior.3

The stem cell microenvironment, where stem cells derive
signals from the extracellular matrix (ECM), cellular contacts,
and both short and long range soluble factors,5,6 has been seen
to change in disease states and has recently gained interest as a
potential new target for disease therapies.5,6 Within the bone
marrow compartment, MSCs are directed to differentiate to osteo-
blasts or adipocytes, a process that is tightly regulated, partially by
cellular communication between MSCs and the osteoblasts and
adipocytes in the immediate microenvironment.3 Irregular MSC
behavior has been observed in abnormal environments, such as the
tumor microenvironment, where MSCs home and potentially
participate in tumor pathogenesis.7 Similarly, in an in vitro model
of Gaucher disease, MSCs were seen to have reduced proliferative
capacity and may contribute to increased bone resorption.8 As it
has been hypothesized that alterations in the MSC microenviron-
ment both contribute to and result from interactions with
bone and adipose tissues,3 understanding how environmental
changes inherent to diabetes impact these interactions may
provide insight into the role MSCs play in the progression of
diabetes and concomitant osteoporosis.

Clinically, diabetes is often associated with hyperglycemic con-
ditions due to the body’s inability to properly regulate the amount of
glucose in the blood.4 Studies have shown that elevated glucose
levels have negative effects on MSCs, adipocytes and osteoblasts, all
of which are cell types that influence the MSC microenvironment.
Data suggest that at high glucose levels, MSCs undergo increased
apoptosis and senescence as well as lose their colony-forming
capacity and osteogenic potential.9–12 Adipocytes have demon-
strated decreased insulin sensitivity, dysregulated triglyceride
storage, increased production of reactive oxygen species and
pro-inflammatory cytokines, and decreased adiponectin secretion
when cultured under high glucose conditions.13–15 Finally, osteo-
blasts cultured in high glucose have shown reduced proliferative
capacity, mineralization capabilities, collagen I synthesis, and
expression of differentiation markers.16–19 However, how these
individual consequences impact cellular cross-talk between all
three cell types remains to be fully understood, though previous
work has shown that intercellular communication is affected
in the context of diabetes. For instance, murine osteoblasts
co-cultured with bone marrow cells from diabetic mice undergo
increased cell death as compared to those co-cultured with bone
marrow cells from normal mice.20 This indicates that MSCs derived
from diabetic tissues may have an altered secretome, but how
these changes influence interactions between MSCs and neigh-
boring cell types in the bone marrow niche remains largely
unexplored. Understanding how hyperglycemic conditions
influence MSCs both directly and indirectly (through soluble
signaling from neighboring osteoblasts and adipocytes) may
provide insight into how the altered stem cell microenviron-
ment contributes to tissue dysregulation, particularly in the
development of diabetes-related osteoporosis.

To gain such biological insight, it is necessary to use an in vitro
culture system that permits the co-culture of multiple cell types but
still allows specific cell population analyses. As opposed to in vivo
experiments, in vitro systems can be advantageous for eliminating
the confounding factors present in animal models and permitting
the use of human cells. In past in vitro studies, both 2D techniques,
such as transwell-based systems and cell patterning,21,22 and 3D
techniques, involving various biomaterial-based scaffolds,23,24 have
provided useful information about cellular interactions. However, in
many of these systems, both separation of unique cell populations
for analysis and retrieval of live cells for further experimentation are
difficult. Therefore, this study demonstrates the development and
implementation of a 3D tri-culture platform that permits individual
cell type analysis25 and on-demand retrieval and further analysis
of live MSCs post-culture. To achieve live cell retrieval, a matrix
metalloprotease (MMP)-degradable poly(ethylene-glycol) (PEG)-
based material was included in the culture system. This material
has been used previously to encapsulate MSCs with no decrease in
cell viability.26–28 With this culture system, we were able to co-culture
MSCs, osteoblasts, and adipocytes under normal and high glucose
conditions, and then analyze each cell type separately for gene
expression, histological markers, and cell viability.

In many in vitro studies of intercellular cross-talk, only single
outcome measures are reported, which often do not elucidate how
genes, proteins, and other measures of cell response interact and
contribute to an observed cell behavior.29 In recent years, some of
these shortcomings have been addressed by developing heat-maps
of gene and protein arrays, modeling proposed signaling networks
by integrating results from many different experiments, and
constructing multivariate statistical models.25,30,31 In particular,
multivariate statistical analysis techniques can provide insight into
the greatest sources of variance in complex biological systems and
can elucidate how outcome measures correlate with different
environmental and culture conditions.32 We have previously used
multivariate statistical techniques to evaluate gene expression data
from simultaneous co-culture of three cell types, showing in a
proof-of-concept experiment that these models can provide valu-
able biological insight into a multicellular in vitro system.25 In this
study, these techniques were further utilized to gain insights into
how neighboring cell type and environment interact to influence
MSC behavior and gene expression in an in vitro model of
hyperglycemia. Specifically, we studied the cellular response to
elevated glucose levels in three different culture configurations:
monoculture (one cell type), co-culture (two different cell types)
and tri-culture (three different cell types) (Fig. 1). Cellular response
was analyzed by measuring gene expression levels, viability,
histological markers, and MSC colony-forming potential over a
seven day time period using both univariate and multivariate
analysis approaches.

Results
Adipocyte response to culture conditions and glucose levels

Adipocytes were cultured under normal and high glucose condi-
tions in three different culture configurations: mono-culture with
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only adipocytes (�AAA), co-culture with MSCs (�AMA), or tri-
culture with MSCs and osteoblasts (OM�A), where the under-
lined letter represents the cell type being discussed from a
particular culture configuration (Fig. 1). Lipid deposition was
observed using Nile Red staining at all time-points and under
all experimental conditions (Fig. 2A). Lipid deposition was
constant throughout the duration of culture and no changes
in lipid deposits were observed regardless of time, glucose level,
or culture configuration (data not shown).

Expression levels for a variety of genes that act as markers of
adipogenesis and energy metabolism (Table S1, ESI†) were mea-
sured for each condition using qPCR. Using this data, Principal
Component Analysis (PCA) was conducted to model adipocyte gene
expression data that included all experimental conditions (Fig. S1A,
ESI†). Based on the observed clustering patterns in PCA, Partial
Least Squares Discriminate Analysis (PLS-DA) was used to build a
model for adipocytes assigned to classes by culture configuration
(Fig. 2B). The PLS-DA model yielded two latent variables (LV) that
discriminate adipocytes by culture configuration (R2Y = 0.93 and
Q2 = 0.92). The first LV discriminates OM�A (or osteoblast-containing
cultures) from �AAA and �AMA (or non-osteoblast-containing
cultures). The second LV discriminates �AMA from �AAA. The weight
plot showed significant correlation of osteocalcin (OCN), leptin
(LEP), adiponectin (ADIPOQ), and ATF2 with OM�A cultures; peroxi-
some proliferator-activated receptor g (PPARg2), ADIPOQ, and osteo-
protegrin (OPG) with �AMA cultures; and JUN, NFKB1, CEBPB, and
RUNX2 with �AAA cultures. Then, the dataset was further divided and
sub-models of gene expression data from �AAA, �AMA, and OM�A

cultures were used in PCA (Fig. S1B, ESI†). In the case of the �AAA
culture configuration, observations clustered by glucose levels and
classes assigned by normal and high glucose levels were further
discriminated using PLS-DA (Fig. 2C; Fig. S2C, ESI†).

Confocal microscopy was used to image hydrogel blocks of
adipocytes stained with LIVE/DEAD reagents in each culture
condition at each time point (representative images in Fig. S2A,
ESI†). Numbers of live and dead cells were quantified and the
fraction of viable cells is reported normalized to day 1, normal
glucose (Fig. 3). Adipocytes maintained viability across the
entire experiment, and no statistically significant differences
were observed within each culture configuration.

Osteoblast response to culture conditions and glucose levels

Osteoblasts were cultured under normal and high glucose condi-
tions in three different culture configurations: mono-culture
(�OOO), co-culture with MSCs (�OMO), or tri-culture with MSCs
and adipocytes (�OMA) (Fig. 1). Alkaline phosphatase (ALP) activity
was evaluated using ALP substrate stain in all experimental
conditions across all time points. Similar levels of production
were seen for normal and high glucose conditions (data not
shown) and representative images from each culture configu-
ration at both time points are presented (Fig. 4A). Low production
was seen throughout the duration of the culture and a transiently
higher amount of ALP production was seen in osteoblasts from

�OMA cultures at day 1 (Fig. 4A).
Expression levels for a variety of genes that act as markers of

osteogenesis and energy metabolism (Table S1, ESI†) were measured
for each condition using qPCR. Using this data, PCA was conducted
to model osteoblast gene expression data that included all experi-
mental conditions (Fig. 4B). The PCA yielded two principal compo-
nents (R2X = 0.81 and Q2 = 0.56). The first component indicates
presence of random variance that can be attributed neither to
culture configuration nor to glucose condition, possibly due to the
genes measured in the experiment. However, the second component
separates �OMA cultures from �OOO and �OMO cultures. Further,
three separate PCA models were built within each osteoblast culture
configuration (Fig. S3A, ESI†). In cases in which the majority of
observations clustered by glucose level in PCA (�OOO and �OMA
cultures), classes based on normal and high glucose levels were
further discriminated using PLS-DA (Fig. 4C; Fig. S3B, ESI†). Notably,
a different set of genes served to separate glucose classes in �OOO
and �OMA culture configurations. PCA for osteoblasts in the �OMO
culture configuration indicated that primary variance in gene expres-
sion was not due to the glucose level and did not warrant further
discrimination using PLS-DA (Fig. S3A, ESI†).

The numbers of live and dead osteoblasts were quantified
from confocal microscopy images, as described above (Fig. S2B,
ESI†). Viability decreased for both �OOO and �OMA cultures in
normal glucose at day 7, while viability was maintained in the

�OMO cultures (Fig. 5).

MSC response to culture conditions and glucose levels

MSCs were cultured under normal and high glucose conditions
in four different culture configurations: mono-culture (�MMM),
co-culture with osteoblasts (O�MO), co-culture with adipocytes (A�MA),

Fig. 1 Six culture configurations were evaluated in this study. (A) Cells
were cultured in mono-, co-, or tri-culture hydrogel constructs for up to
7 days and then analyzed as depicted above. After one day in culture,
media was changed and half of the constructs were switched to high
glucose. Shades of gray and white blocks represent hydrogel blocks of
different types of cells in either mono-, co-, or tri-culture. (B) Tri-culture
configurations consisted of adipocytes, MSCs, and osteoblasts (designated
OMA); co-culture configurations consisted of osteoblasts and MSCs or
adipocytes and MSCs (designated OMO and AMA, respectively); and
mono-culture configurations consisted of osteoblasts, MSCs or adipo-
cytes (designated OOO, MMM, and AAA, respectively).
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or tri-culture with osteoblasts and adipocytes (O�MA) (Fig. 1).
Expression levels for a variety of genes that act as markers of
osteogenesis, adipogenesis, and energy metabolism (Table S1,
ESI†) were measured for each condition using qPCR. Using this
data, PCA was conducted to build a model of MSC gene expression
data that included all experimental conditions (Fig. S4, ESI†). Based
on observed clustering patterns, a PLS-DA model was built for
MSCs assigned to classes by culture configuration (Fig. 6). Models
yielded three LV that discriminated MSCs by culture configuration
(R2Y = 0.73 and Q2 = 0.63). The first LV discriminates �MMM and
A�MA, the second discriminates �MMM and O�MA, and the third
discriminates O�MA and O�MO. Then, four separate PCA models
were built for each MSC culture configuration (Fig. S5, ESI†).

In the cases of O�MO and A�MA, observations clustered by glucose
level in PCA and classes based on normal and high glucose levels
were further discriminated using PLS-DA (Fig. S6, ESI†). Similarly
to osteoblast cultures that could be discriminated by glucose
level, a different set of genes acted to separate MSCs by glucose
level in O�MO culture configurations as compared to A�MA
culture configurations.

After 7 days of culture under normal and high glucose condi-
tions, the degradable MSC block in each culture configuration was
exposed to collagenase and degraded. Live cells were recovered
and the colony forming ability was assessed after 14 days of
growth (Fig. 7A). Significantly fewer colonies were seen in �MMM
and O�MO cultures under high glucose conditions as compared

Fig. 2 Adipocytes were assessed for response to culture conditions. (A) Representative images of adipocytes stained with Nile Red, specific for lipids
(green) and counterstained with Hoechst, specific for nuclei (blue). (B) PLS-DA was used to build models for adipocytes assigned to classes by culture
configuration. Models yielded two latent variables that discriminated adipocytes by culture configuration (R2Y = 0.93 and Q2 = 0.92). (C) For �AAA culture,
classes based on normal and high glucose levels were discriminated using PLS-DA (�AAA: R2Y = 0.79 and Q2 = 0.70). The corresponding weight plot can
be found in Fig. S1C (ESI†). In all models, dashed lines represent the 95% confidence limit of the distribution of scores.
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to normal glucose, but number of colonies were similar regard-
less of the glucose level in A�MA and O�MA cultures.

The numbers of live and dead MSCs were quantified from
confocal microscope images, as described above (Fig. S2C,
ESI†). Decreases in viability were seen for MSCs in both high
and normal glucose M�MM cultures at day 7 and also in normal
glucose O�MO cultures at day 7 (Fig. 7B).

Discussion

As stem cell microenvironments have been observed to undergo
changes that affect resident stem cells in disease states,7 the
correlation between diabetes and osteoporosis may be better
explained by understanding the MSC response to the environ-
mental changes inherent to diabetes. Thus, we were interested in
characterizing how MSCs were affected by soluble factors secreted
by osteoblasts and adipocytes under hyperglycemic conditions. As
experimental models available to date have not been satisfactory in
addressing this technical need, we expanded upon a model system
of the MSC microenvironment previously developed in our labora-
tory to include a degradable polymer for live-cell retrieval.25,26

In this model system, we focused on decoupling the effects of
paracrine signals from other types of signaling that may occur in
the bone marrow niche. Within the bone marrow microenviron-
ment, information is thought to be transmitted over relatively short
length scales (on the order of hundreds of microns) given the well-
defined, compact architecture,33,34 so we believe that the geometry
of our tri-culture system sufficiently mimics this aspect of the
structure of the bone marrow while allowing for separation of cell
types post-culture. From this system, we analyzed gene expression,
histological markers, cell viability, and MSC colony forming ability
after 7 days of culture under normal or high glucose conditions.

Encapsulated cells maintain viability and phenotype

Previous experiments provided evidence that our culture plat-
form was suitable for at least 18 days of culture.25 In the

experiments presented here, the cell viability was generally
maintained for the duration of the experiment in all cell types
(Fig. 3, 5, and 7B). However, osteoblasts in �OOO and �OMA culture
configurations under normal glucose conditions exhibited signifi-
cantly lower viability by day 7. The decreased viability observed in
the mono- and tri-culture conditions remains unclear, but is
possibly due to interactions with neighboring cell types. MSCs
may have promoted osteoblast viability in the co-culture, but these
effects could have been interrupted by the presence of adipoctyes in
the tri-culture. Clinically, osteoblast turnover is thought to occur on
the order of days,35 suggesting that osteoblasts need constant
replenishment from the stem cell compartment. While soluble
signals from stem cells are present in this system, direct replenish-
ment via differentiation is impossible. Thus, the maintenance of
viability observed in �OMO cultures might be a result of commu-
nication with MSCs that encouraged osteoblast survival. Further
refinement of our culture platform could improve osteoblast
viability by including more soluble signals known to contribute
to normal osteoblast function in vivo.

Osteoblast production of ALP, a marker for the osteogenic
phenotype, persisted at generally low levels throughout the
duration of culture (Fig. 4A). Similarly, adipocyte lipid deposition
was evident in adipocytes throughout the duration of culture
under all experimental conditions (Fig. 2A). Taken together, the
maintenance of viability and cell type-specific markers indicate
that the culture system is a valid platform for analysis of
interactions between these three cell types, even under hypergly-
cemic conditions.

Multivariate models allow discrimination by neighboring cell
type and glucose level

Multivariate statistical modeling was used to better understand
maximum sources of variance within the gene expression of each
cell type as well as to inform future co-culture experimental design.
In global multivariate models for all cell types, the maximum source
of variance originated from differences in neighboring cell types,
referred to as culture configuration (i.e. mono-, co-, or tri-culture),

Fig. 3 Viability of adipocytes was assessed in each culture configuration at normal and high glucose levels. Fraction viable cells (via LIVE/DEAD staining)
for each culture condition is presented (n = 3 for �AAA, �AMA; n Z 2 for OM�A; no statistically significant differences were seen, p o 0.05).
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Fig. 4 Osteoblasts were assessed for response to culture conditions. (A) Representative images of osteoblasts stained for ALP, a marker of osteogenic
differentiation (red), and counterstained with Hoechst for nuclei (blue). Noticeably higher amount of ALP production was seen in osteoblasts from �OMA
cultures at day 1. (B) PCA was applied to the gene expression data of the global osteoblast population, yielding two principal components (R2X = 0.81
and Q2 = 0.56). (C) For �OOO and �OMA cultures, classes based on normal and high glucose levels were discriminated using PLS-DA (�OOO: R2Y = 0.5
and Q2 = 0.43; �OMA: R2Y = 0.62 and Q2 = 0.55). The corresponding weight plots can be found in Fig. S3B (ESI†). In all models, dashed lines represent the
95% confidence limit of the distribution of scores.
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as determined by clustering patterns and discrimination across
principal components and latent variables (Fig. 2B, 4B, and 6).
In adipocyte global models, the first LV discriminated osteo-
blast containing cultures from non-osteoblast containing
cultures. From this, we know that the presence of osteoblasts
influences adipocyte behavior, an important consideration in
designing future co-culture studies that aim to understand
adipocyte behavior within the bone marrow microenvironment.
Osteoblast models showed less distinct clustering patterns,
possibly indicating a large amount of random variance in
the system. Alternatively, these results may be indicative of
osteoblast stability regardless of the neighboring cell type.
Overall, future co-culture experiments may be needed to
analyze different genes or other output measures to gain a better
understanding of osteoblast behavior. Finally, MSC global models
discriminated each culture type from the other except for the

�MMM and O�MO culture configurations. This suggests that inter-
actions with adipocytes significantly influence MSCs, as was
evident in other analyses and will be discussed further. As the
osteoblast presence did not seem to impact MSCs as strongly, at
least based on gene expression data, future co-culture studies
could aim at gaining a deeper understanding of MSC and
adipocyte communication and the mechanisms in which this
communication influences MSC behavior.

Clustering by glucose level was not often observed in global
models, indicating that neighboring cell types had a greater
influence on the gene expression than glucose conditions.
However, this may have been partially due to the genes analyzed
in this study, and by including more genes, discrimination by
glucose in global models may have been possible. When sub-
groups of the dataset were modeled to understand primary
variance within each culture configuration, it was found that in
several cases discrimination by glucose level could be achieved
(Fig. 2C and 4C; Fig. S6, ESI†). In other cases, it was more
difficult to definitively determine if culture configurations
could be separated by glucose levels, and whether this is due
to the choice of genes analyzed or the influence of the culture

configuration on cellular response to glucose remains unclear.
Overall, it was evident that the response of individual cell type
to glucose level was unique to each culture configuration and
thus interactions with neighboring cell types. This provides
further incentive to probe cellular response to pathological
conditions within a co-culture setting, as it better represents
the simultaneous cell response to neighbors and environment
that occurs in vivo.

The fact that correlations in the multivariate models were
seen primarily based on type of neighboring cells strongly
supports the idea that traditional monoculture platforms are
not capable of mimicking/reproducing important features of
systems-level cell–cell communication that occurs in disease
states. Other indirect (no cell–cell contact) co-culture studies with
bone marrow cells also report that cellular behavior changes when
in communication with other orthopaedic-derived cells. Increased
osteoblast death has been observed in response to diabetic bone
marrow cells20 and reduced MSC hypertrophy and mineralization
was achieved when co-cultured with chondrocytes.36 These studies
and the work presented here provide strong motivation to include
multiple cell types in in vitro studies of the bone marrow micro-
environment in order to gain more relevant biological insights into
diseases affecting the entire tissue. Thus, our culture platform
provides a novel technology that is well-suited for future studies in
which multiple co-cultured cell types responding both to each other
and to environmental changes may be required to adequately
recapitulate a complex in vivo disease state.

Adipocyte co- and tri-culture conditions correlate with genes
related to energy metabolism and adipogenesis

Multivariate models were also used to understand the correla-
tions between gene expression and culture configuration. In the
adipocyte-only model, markers of adipogenesis and energy
metabolism (OCN, LEP, ADIPOQ, PPARg2, OPG) showed statistically
significant correlation with �AMA and OM�A cultures while markers
of inflammation and oxidative stress (JUN, NFKB1, CEBPB) showed
correlation with �AAA cultures (Fig. 2B). This suggests that the

Fig. 5 Osteoblast viability was measured in response to culture conditions. Fraction viable cells (via LIVE/DEAD staining) for each culture condition is
presented (n = 3 for �OOO, �OMO; n Z 2 for �OMA; * = significantly different from same culture configuration and glucose condition on day 1; p o 0.05).
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presence of MSCs may promote adipocytes to up-regulate genes
related to adipogenesis and energy metabolism. Interestingly,
these differences in gene expression did not manifest in
adipocyte viability data or levels of lipid deposition, as both
were constant in all conditions (Fig. 2A and 3). It is possible
that adipocytes were robust to environmental changes, or that
gene expression data provided an early view of adipocyte
response to neighboring cells that may manifest in viability
differences or changes in lipid deposition at a later time. These
results are consistent with experiments that have been done
previously, in which adipocytes have been observed to secrete

markers of inflammation and to undergo hypertrophy rather
than apoptosis under hyperglycemic conditions.37 Overall, these
results indicate the presence of cross-talk between adipocytes
and MSCs, which was further confirmed in additional studies
discussed below.

MSCs modulate osteoblast response to glucose

Cell viability and MSC clonogenicity studies suggested that
MSCs exert modulatory effects on osteoblasts at the expense
of their own viability and clonogenicity, trends that were not
seen when MSCs were co-cultured with adipocytes. MSCs in

Fig. 6 MSCs were assessed for gene expression changes in response to culture conditions. PLS-DA models were constructed for MSCs assigned to
classes by culture configuration. Models yielded three latent variables that discriminated MSCs by culture configuration (R2Y = 0.73 and Q2 = 0.63). In all
models, dashed lines represent the 95% confidence limit of the distribution of scores.
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O�MO and M�MM cultures demonstrated decreased viability and
clonogenicity after 7 days of culture, while both viability and
clonogenicity were maintained in A�MA and O�MA cultures (Fig. 7).
Similar to MSCs in O�MO and �MMM cultures, previous work has
also shown reduction of MSC clonogenicity and viability under
hyperglycemic conditions.12 Osteoblast viability, on the other
hand, was unlike that of MSCs, as only osteoblasts in the �OMO
cultures showed constant cell viability for the duration of culture
(Fig. 5), whereas MSCs from O�MO cultures showed decreased
viability over time under high glucose conditions (Fig. 7B). These
opposing trends were also seen in gene expression data, where
MSCs from O�MO cultures were seen to cluster by glucose
level in the global multivariate model and culture configuration

sub-model (Fig. 6; Fig. S6, ESI†) while osteoblasts from the

�OMO culture configuration could not be discriminated by
glucose level (Fig. S3A, ESI†). This complementing relationship
may indicate that MSCs somehow act to modulate the response
of osteoblasts to glucose in a way that changes their own
behavior. As MSCs are known to secrete therapeutic soluble
factors,38 this work further suggests that the secretion of
soluble factors in hyperglycemic conditions may have had
positive effects on osteoblasts but was detrimental to some
MSC functions. However, this does not appear to be a universal
consequence of MSC co-cultured with differentiated cells, as
these detrimental effects were not seen in MSCs cultured with
adipocytes in any configuration, discussed below.

Fig. 7 MSC clonogenicity was measured post-culture using colony forming assays. (A) Number of colony-forming units greater than 2 mm in diameter
per dish (n = 3) (* = significantly different from same culture configuration; p o 0.05). (B) MSC viability was measured in response to culture conditions.
Fraction viable cells (via LIVE/DEAD staining) for each culture condition is presented (n = 3 for �MMM, O�MO, A�MA; n Z 2 for O�MA; * = significantly different
from same culture configuration and glucose condition on day 1; p o 0.05).
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Adipocytes promote MSC viability and clonogenicity and early
osteoblast ALP activity

Unlike MSCs in monoculture or co-culture with osteoblasts, MSCs
in co-culture with adipocytes showed maintenance of viability and
clonogenicity under high glucose conditions. Changes in adipocyte
gene expression in the presence of MSCs also provide evidence
that interactions between MSCs and adipocytes occurred, possibly
due to an increase in expression of LEP and ADPIQ by adipocytes,
which is known to act upon other cell types.37 Furthermore, it
appears that adipocytes also modulated osteoblast behavior,
especially in regards to ALP production (Fig. 4A). As ALP is a
marker for osteogenesis, higher levels in osteoblasts co-cultured
with adipocytes after one day may indicate that interactions with
adipocytes promoted their activity, although high ALP staining
was not observed by day 7 for any of the sample types. Thus, it
appears that adipocytes may ‘‘buffer’’ MSCs from the reduction
of clonogenicity and viability induced by hyperglycemic condi-
tions. Analyzing these results alongside gene expression data,
the ability of adipocytes to influence other cell types may
correlate with upregulation of genes for adipogenesis and energy
metabolism in adipocytes.

The idea that adipocytes may act to modulate MSC response
to glucose has not, to our knowledge, been reported in other
experiments. It is well known that adipocytes and osteoblasts
co-exist in the bone marrow microenvironment, and that the
ratio of adipocytes to osteoblasts increases with age.1,39 It also
has been observed that an increase of adipocytes in the marrow
coincides with the onset of disease like osteoporosis and
anorexia nervosa, but the direct impact of higher numbers of
adipocytes on disease progression has yet to be determined.1,40

It has been hypothesized that increased marrow fat may be a
compensatory mechanism in times of disease,40 or be a direct
cause of reduced MSC osteoblastogenesis.40,41 Our results
suggest it is possible that, under hyperglycemic conditions,
an increased number of adipocytes in the bone marrow may
exert compensatory mechanisms to maintain MSC function
and possibly delay the onset of osteoporosis. Thus, our system
provides important insight into a complex biological system
that has not been achieved through other mono- and co-culture
experiments and highlights the interconnected nature of these
three cell types under pathological conditions.

Implications for future co-culture studies

As a whole, the study presented illustrates a platform that
facilitated elucidation of non-intuitive cellular behavior in a
model of hyperglycemia. This tri-culture platform permitted the
study of reciprocal cellular interactions, often impossible in
other in vitro culture systems. Specifically, the tri-culture allows
simultaneous analysis of the cellular response to both patho-
logical conditions and neighboring cell types. Also unique to
our culture platform is the ability for on-demand retrieval of live
cells, allowing for further analysis of individual cell response to
their environment. In our model of the hyperglycemic bone
marrow microenvironment, it was observed that the neighboring
cell type was the primary source of variance in our system and

that disease-relevant environmental alterations can best be
understood within the context of multi-cell systems. It was also
found that while MSC clonogenicity and viability decreased
when in culture with osteoblasts, both were maintained when
in culture with adipocytes, regardless of the presence of osteo-
blasts. One possible explanation for this can be derived from
adipocyte gene expression data, which indicate that cross-talk
between adipocytes and MSCs resulted in an altered reaction to
high glucose levels, at least in the early stages of hyperglycemia.

These results provide specific avenues of study that can
follow. Further studies to understand mechanistic reasons
for why MSC viability and colony forming ability is decreased
in the presence of osteoblasts but not adipocytes could provide
information for future therapies aimed at targeting diseases
like osteoporosis. Also, as increased marrow adipocyte levels
coincide with osteoporosis,1 it would be interesting to further
investigate if the relative quantities of osteoblasts and adipo-
cytes change MSC response to culture conditions. The culture
system described here could be used to investigate these
questions and to generate further hypotheses that could be
studied in vivo. Overall, the technological innovations in our
in vitro tri-culture platform permitted a deeper understanding
of the cellular response to hyperglycemic conditions that may
be used to direct future research into cell-based therapies for
diabetes and its secondary pathologies.

Materials and methods
Preliminary cell culture

All cell culture reagents were obtained from Mediatech unless
otherwise specified. Primary human MSCs were obtained from
Texas A&M Health Sciences Center and expanded in Minimal
Essential Medium-Alpha (aMEM) with 16.5% fetal bovine serum
(FBS; Hyclone), 1 g L�1 glucose, 2 mM L-glutamine, 1% ampho-
tericin B, and 0.1% gentamicin and cultured at 37 1C and 5%
CO2 in a humidified incubator. Primary human osteoblasts (Lonza)
were expanded to 4 population doublings in OGM Osteoblast
Growth Medium (Lonza) containing 10% FBS, ascorbic acid,
50 mg mL�1 gentamicin, and 37 ng mL�1 amphotericin B.
Primary human subcutaneous pre-adipocytes (Lonza) were
expanded to 1–2 population doublings according to the manufac-
turer’s protocol in PGM-2 Basal Medium (Lonza) containing 10%
FBS, 2 mM L-glutamine, 50 mg mL�1 gentamicin, and 37 ng mL�1

amphotericin B. Cultures at 80% confluence were differentiated
into adipocytes for 9 days in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% FBS, 1 g L�1 glucose, 60 mM indomethacin,
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.5 mM dexamethasone,
and 45 pM insulin.

Fabrication of culture system

Cells were encapsulated in PEG-based materials (Sigma-Aldrich,
unless otherwise noted). PEG-diacrylate (PEG-DA) (Mn = 8 kDa) was
synthesized by combining acryloyl chloride and PEG according to
previous methods.42
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To promote cell adhesion and viability, PEG-based materials
containing fibronectin-derived GRGDS (Bachem) and laminin-
derived YIGSR (Anaspec) were synthesized from Acryl-PEG-
succinimidyl valerate (SVA) (Mn = 3.4 kDa; Laysan Bio) according
to previous methods25,42 to obtain Acryl-PEG-RGDS and Acryl-
PEG-YIGSR. To allow on-demand degradation of particular blocks
in the culture system, a collagenase-degradable peptide sequence,
GGGLGPAGGK (abbreviated LGPA), was bi-functionalized with
Acryl-PEG-SVA (Mn = 3.4 kDa) according to previous methods28,43

to obtain PEG-LGPA-DA polymer chains.
To fabricate cultures, cells were suspended in precursor

hydrogel solutions at 15 � 106 cells mL�1. Solutions were
formulated using 10% w/w PEG-DA (osteoblasts and adipocytes)
or PEG-LGPA-DA (MSCs) and 0.05% w/w D2959 photoinitiator
(Ciba), with 1 mM Acryl-PEG-RGDS and Acryl-PEG-YIGSR for
MSCs and adipocytes, respectively. Precursor hydrogel solutions
were photopatterned into 1.5 � 1.5 � 1 mm laminated gel
structures using a PDMS mold and UV light according to
previous methods (Fig. 1).25 An opaque photomask was used
in subsequent steps to prevent any further UV light exposure and
crosslinking. Each subsequent layer is laminated to the prior
and constructs do not separate over the course of the experiment
or experience changes in tensile properties, as demonstrated in
prior work.25,26,44 Laminated constructs were extracted from the
device and sectioned with a scalpel perpendicular to the long
axis of the laminate to yield up to eighteen 1.5 mm-wide mono-,
co-, and tri-culture constructs (Fig. 1).

Culture of encapsulated cells

Gel structures were cultured in individual wells of a 12 well
plate in DMEM with 10% FBS, 5.5 mM glucose (100 mg dL�1,
similar concentration to normal fasting serum glucose level
in humans), 2 mM L-glutamine, 70 mM L-ascorbate, 45 pM
insulin (6.4 mU mL�1, normal fasting serum insulin level), 1%
amphotericin B, and 0.1% gentamicin. After 1 day, a subset of
constructs was switched to 22.3 mM glucose (400 mg dL�1, similar
to hyperglycemic glucose level in poorly-controlled diabetic patients).
All constructs were then cultured for a total of 7 days with an
additional media change at day 4 (Fig. 1).

Cell viability and image analysis

Hydrogel constructs (n = 3 for all mono-culture, co-culture, and
day 1 (D1) tri-cultures; n = 2 for day 7 (D7) tri-cultures) were
analyzed on days 1 and 7 culture using a LIVE/DEAD assay
(Invitrogen). Constructs were rinsed in sterile phosphate buffer
saline (PBS) at 37 1C for 30 minutes and then incubated in LIVE/
DEAD dyes (1 mM calcein AM, 1 mM ethidium homodimer-1) for
45 minutes at 37 1C. Constructs were then rinsed with
PBS for 15 minutes and imaged using confocal microscopy
(10� objective, LSM 700; Zeiss). For each construct, 1 image
stack was collected for each cell type present (dimensions: 693 �
693 mm; stack depth = 0–800 mm at 10 mm intervals). Image stacks
were analyzed using ImageJ software (version 1.46a; NIH). Each
stack was split into green (calcein) and red (EthD-1) channels.
Every fifth image was analyzed for total number of live and dead
cells. Particles of diameter greater than 94 mm2 and 12 mm2 were

counted for the live and dead cell analysis, respectively, using the
Particle Analysis macro. Subsequently, fraction viable cells (# live
cells/# total cells counted) was calculated for each stack and
normalized to day 1 normal glucose conditions.

Colony forming unit-fibroblasts (CFU-F) analysis

To evaluate clonogenicity, at day 7, MSC-containing PEG-LGPA-
DA hydrogel constructs (n = 3) were incubated in a 1100 U mL�1

collagenase (Gibco) solution in MSC expansion medium for
1 hour. Fractions of the media containing the recovered cells
(100 mL for �MMM, 200 mL for O�MO and A�MA, and 300 mL for
O�MA; volumes determined in order to seed approximately the
same number of cells for each construct type) were plated into
15 cm tissue culture dishes (Corning) containing 20 mL of MSC
expansion medium. Media was changed 1 day after seeding
and cells were then fed every 3 days for 14 days of culture.
Clonogenicity was evaluated by counting colonies Z 2 mm
(stained with 3% crystal violet (Sigma-Aldrich), 100% methanol
(BDH)) after 14 days.

Histological analysis

For histological analysis, all culture configurations under both
normal and high glucose conditions were infiltrated by graded
concentrations of sucrose in PBS followed by graded concentrations
of optimal cutting temperature compound (OCT; Sakura Finetek),
frozen in liquid nitrogen, and stored at �80 1C until sectioning.
The embedded gel constructs were serially cryosectioned at a
20 mm thickness (Microm HM 560 Cryostat; Thermo Scientific)
and mounted on Superfrost Plus slides (Fisher). Sections were
stained either for lipids (10 mg Nile Red per mL in 1% acetone)
or alkaline phosphatase (ALP) activity according to the manu-
facturer’s protocol (Vector Red Alkaline Phosphatase Substrate
Kit; Vector Labs). In both cases, sections were counterstained
with Hoechst 33258 (0.25 mg mL�1 in PBS for 5 min; Molecular
Probes). Sections were visualized using epifluorescence micro-
scopy under FITC filters for Nile Red, Texas Red Filters for ALP,
and DAPI filters for Hoechst.

mRNA isolation and qPCR

Hydrogel constructs (n = 5) were rinsed in PBS and blocks
containing individual cell populations were separated from
each other using a scalpel for gene expression analysis by qPCR
after 1 and 7 days in mono-, co-, or tri-culture. Gel blocks
containing the same cell type were pooled from 2 co-culture
constructs or 3 tri-culture constructs of the same culture
configuration and glucose condition to provide sufficient and
equivalent amounts of mRNA for quantification. Pooled blocks
were homogenized in microcentrifuge tubes with pellet grinders
and mRNA was extracted using a QIAshredder tissue homogenizer
and RNeasy kit with DNase I digestion (Qiagen). cDNA was
generated using SuperScript III Reverse Transcriptase (Invitrogen)
with Oligo(dT)15 primers and dNTPs (Promega). The gene expres-
sion was analyzed using quantitative PCR amplification performed
on a StepOnePlust Real-Time PCR System (Applied Biosystems) in
the presence of SYBR Green/ROX master mix (Applied Biosystems).
In addition to endogenous controls (40S ribosomal protein S18
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(RPS18) and beta-actin), the gene expression was measured for
genes indicating osteogenesis (runt-related transcription factor
2 (RUNX2), Osteocalcin (OCN), and Osteoprotegerin (OPG));
adipogenesis (peroxisome proliferator-activated receptor g
(PPARg2), CCAAT/enhancer-binding protein beta (CEBPB), Leptin
(LEP), and adiponectin (ADIPOQ)); and glucose-responsive transcrip-
tion factors (activating transcription factor 2 (ATF2), forkhead
box protein O1 (FOX01), c-jun (JUN), and nuclear factor kappa B
(NFKB1)). Sequences for custom-designed primers (Invitrogen)
can be found in the ESI.†

To analyze PCR amplification data, the raw fluorescence
data were processed using LinRegPCR (v12.11; http://www.
hartfaalcentrum.nl). The starting amplicon number (No) was
calculated based on mean efficiencies (E) and cycle threshold (Ct)
using the formula No = Nt/E

Ct, where Nt is the amplicon number at
the cycle threshold. No for each target gene were normalized to a
geometric mean of the starting amplicon numbers of the endo-
genous controls to obtain relative expression values.

Univariate statistical analysis of cell viability and colony
formation

Viability and CFU-F results are depicted as mean � standard
deviation. Prior to statistical analysis, all data were transformed
with a Box–Cox transformation. Where significant factors and
interactions were identified using ANOVA, Tukey’s post hoc test
(significance level p o 0.05) was used to generate pairwise
comparisons between means of individual sample groups and
determine statistically significant differences.

Multivariate models of gene expression

Statistical modeling was performed using SIMCA-P+ software
(version 12.0.1.0, Umetrics) on gene expression results. All Box–
Cox-transformed data were mean-centered and scaled to unit
variance prior to analysis as a means of normalization to allow
all variables to be considered equally scaled in the principal
components or latent variables.32 For PCA, N � K X-matrices
were generated from N culture condition observations and K
time-variant gene expression responses. PCA was conducted to
determine the source of maximum variation in the dataset,
resulting in clusters of similar observations separated across
one or more principal components. Based on clustering, partial
least squares discriminate analysis (PLS-DA) was performed to
find LV that served as discriminating factors to best separate
observations.25,45 For PLS-DA, N �M Y-matrices were generated
of N culture condition observations and M responses, which
were based on assigned classes (culture configuration or
glucose level). To optimize model quality, pruning processes
were performed to remove observations that lay outside of the
95% confidence interval and variables that were not influential
in model generation. The overall quality of each model is
summarized by two parameters: R2X (PCA) or R2Y (PLS-DA)
provide a measure of the extent that the model explains the
variation in data matrices and indicates a goodness of fit; and
Q2 provides a measure of the extent to which the variation of a
future experimental data set may be predicted by the model and
indicates a goodness of prediction.45 For further model quality

assessment, model validation based on permutation testing
was performed in SIMCA-P. In brief, this technique randomly
shuffles the positions of variables in the Y-block and then fits a
new PLS model to the permuted Y-block. Cross-validation
methods are used to generate R2Y and Q2 values for new
models. If the R2Y and Q2 values of the new models are lower
than R2Y and Q2, the model is valid.46
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