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High-cholesterol diet fuels myeloma progression, 
dysregulates adipokine expression in vivo, and impairs 
treatment response ex vivo

Multiple myeloma (MM) is an incurable hematologic can-
cer where malignant plasma cells accumulate in the bone 
marrow (BM).1 MM evolves from the pre-malignant disorder 
monoclonal gammopathy of undetermined significance and 
despite recent advances in therapy, MM remains incurable 
largely due to drug resistance.2 Obesity is the second lead-
ing cause of cancer and has been linked to several types of 
malignancies, including MM.3,4 Although the exact mechanism 
by which obesity impacts MM pathogenesis is still unclear, it 
is the only modifiable risk known for MM and so it provides 
hope for dietary and lifestyle interventions.
Strongly associated with obesity is high cholesterol. Several 
studies have shown that MM patients have a reduction in total 
cholesterol, low-density lipoproteins (LDL) and high-density 
lipoproteins (HDL) in plasma compared to healthy individu-
als with more evident changes in later stages of disease.5,6 
However, despite significant efforts to elucidate the role of 
total cholesterol or LDL in cancer, little is known about the 
effect of high circulating cholesterol and LDL levels in MM 
disease.
To understand the effect of cholesterol on myeloma pro-
gression in vivo, C57BL/KaLwRij mice were placed on a 2% 
cholesterol diet for 4 weeks after which time mice showed 
increased circulating LDL (Figure 1A; Online Supplemen-
tary Figure S1A) with no changes in body weight (Online 
Supplementary Figure S1B). Increased liver weight (Online 
Supplementary Figure S1C, D) and signs of fatty liver disease 
were seen (data not shown). Mice were then inoculated in-
travenously with 5TGM1-GFP cells and cholesterol diet was 
either halted at this point or maintained continuously (Online 
Supplementary Figure S1A). LDL levels remained elevated 
only in the animals fed continuously with the cholesterol 
diet (Figure 1B), which also showed a significant increase in 
tumor burden and serum paraprotein (IgG2b) levels compared 
to the myeloma control group (Figure 1C, D). No significant 
changes in spleen tumor burden or weight were detected in 
any of the cholesterol diet groups suggesting a bone-specific 
effect of LDL (Figure 1E; Online Supplementary Figure S1E). 
Myeloma cells from continuously cholesterol-fed animals 
had a higher proportion of highly lipidtox-positive  cells 
demonstrating a higher intracellular lipid content (Figure 
1F, G). Initiation of the cholesterol-enriched diet at the time 
of tumor inoculation (Online Supplementary Figure S1A) 
resulted in significantly higher BM tumor burden and bone 
lesions with no changes in spleen (Figure 1H-J). All animal 
procedures were conducted in accordance with the Animals 
Scientific Procedures Act of 1986 (UK) and approved by the 

University of Oxford Animal Welfare and Ethical Review Body 
(Home Office project licenses PCCCC8952 and PP9500304).
Myeloma is heavily dependent on the BM microenvironment, 
therefore we investigated the impact of dietary cholesterol on 
local, as compared to systemic, factors. The very-low-density 
lipoprotein (VLDL)/LDL cholesterol fraction in BM plasma 
was increased in cholesterol-fed mice (Figure 2A). Using an 
adipokine proteome profiler we detected elevated levels of 
the adipokine resistin after cholesterol diet and in myelo-
ma-bearing mice specifically in BM plasma (Figure 2B, C). 
We corroborated the increase in resistin by enzyme-linked 
immunosorbent assay, demonstrating a significant increase 
following cholesterol diet in BM plasma (Figure 2D) but not 
blood (Figure 2E). Interestingly, relative to all adipokines, 
resistin was one of the highest expressed adipokines in 
blood, but was reduced in BM plasma highlighting the dif-
ferences in the local and systemic soluble milieu (Online 
Supplementary Figure S2A, B). Tumor-bearing mice showed 
significantly higher resistin in BM plasma (Figure 2F), with a 
positive correlation between BM plasma resistin and IgG2bκ 
in myeloma-bearing mice that was lost with cholesterol 
treatment (Figure 2G).
To further investigate the role of LDL in myeloma, we studied 
the effect of LDL on myeloma growth and drug resistance, 
focusing on the proteasome inhibitor bortezomib, following 
recent evidence for the sensitivity of bortezomib-resistant 
myeloma cells to a cholesterol-lowering drug.10 LDL reversed 
the reduction in myeloma cell viability caused by delipi-
dation or metabolic stress (no fetal bovine serum) (Online 
Supplementary Figure S2C). VLDL had no effect on viability 
of JJN3 or MM1S whereas in 5TGM1-GFP cells, VLDL had 
similar effects to LDL suggesting differential sensitivities 
of myeloma cells to lipid depletion and cholesterol levels 
(Online Supplementary Figure S2C). In support of this, lipid 
depletion and metabolic stress increased LDL uptake, with 
variability in uptake between cell lines (Online Supplementary 
Figure S2D-G). LDL was incorporated after 3 hours (Figure 
3A) and completely blocked the effect of the proteasome 
inhibitor bortezomib to reduce viability in metabolical-
ly-stressed myeloma cells (Online Supplementary Figure 
S3A, B). LDL-treated BM isolated from myeloma-bearing 
mice was used ex vivo, showing the same level of protection 
from bortezomib (Figure 3B).
Bortezomib reduced viability and induced expression of apop-
totic markers that was reversed upon addition of LDL prior 
to bortezomib treatment (Figure 3C). In cell cycle analysis, 
LDL also reduced the apoptotic fraction that was increased 
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following bortezomib treatment (Online Supplementary 
Figure S3C). Carfilzomib, MG132, metformin or dexametha-
sone were also tested, however LDL had no effect on drug 
response (Online Supplementary Figure S2D-G). To further 
investigate how LDL induces bortezomib resistance, we 
studied proteasome activity and performed cycloheximide 
chase assays. LDL-pretreated JJN3 myeloma cells had no 
change in proteasome activity after bortezomib treatment 
(Figure 3D; Online Supplementary Figure S3H, I).
Fluctuations in cholesterol accumulation can induce changes 
in plasma membrane fluidity and composition and can alter 
molecular pathways associated with drug uptake, efflux 
and chemoresistance, including caveolin-1.7-9 Bortezomib 
induced a dose-dependent decrease in membrane fluidity 
in JJN3 myeloma cells. LDL-pretreated cells also exhibited a 
reduction in membrane fluidity but with no further changes 
following bortezomib treatment (Online Supplementary Fig-
ure S3J). LDL increased caveolin-1 expression in myeloma 
cells (Online Supplementary Figure S4A) and prevented the 
reduction in caveolin-1 and MDR1 expression induced by 
bortezomib (Online Supplementary Figure S4B). In support 
of this, bortezomib-resistant MM cells were found to have 
an increase in caveolin-1 and MDR1, alongside a decrease 
in INSIG1 which regulates cholesterol metabolism (Online 
Supplementary Figure S4C).
RNA-sequencing (RNA-Seq) was performed on JJN-3 my-
eloma cells in the presence and absence of LDL and borte-
zomib. Differentially expressed gene (DEG) analysis revealed 
changes in expression of genes key to cholesterol synthesis 
(e.g., HMGCS1 or INSIG1) after bortezomib treatment, with 
LDL pretreatment restoring the transcriptomic profile of 
bortezomib-treated cells to that of control (Figure 3E; On-
line Supplementary Figure S4D). Accordingly, the PCA plot 
demonstrated a clear distinction of the bortezomib-treated 
group, and LDL pre-treated samples grouped together with 
the untreated (Online Supplementary Figure S4E). When gene 
set expression analysis (GSEA) hallmark gene sets were ana-
lyzed, the hallmark apoptosis gene set was enriched in bor-
tezomib-treated cells compared to LDL-bortezomib-treated 
cells (Online Supplementary Figure S4F). GSEA revealed a 
significant effect of bortezomib on reactome cholesterol bio-

synthesis and cholesterol homeostasis (Online Supplemen-
tary Figure S4G). Further analysis using the ShinyGO tool and 
top 1,000 downregulated genes demonstrated proteasome 
pathway enrichment in bortezomib samples as compared to 
LDL-bortezomib-treated (Online Supplementary Figure S5A). 
Interestingly, ferroptosis was also among the most enriched 
pathways, demonstrated by both ShinyGO and GSEA (Online 
Supplementary Figure S5A, B). Only a small number of DEG 
were found after LDL treatment compared to untreated 
(Online Supplementary Figure S5C, D). ShinyGO analysis of 
all DEG revealed ferroptosis as one of only two modulated 
pathways (Online Supplementary Figure S5E) and GSEA using 
the WP ferroptosis gene set revealed a significant effect of 
LDL on ferroptosis in both control and bortezomib-treated 
cells (Online Supplementary Figure S5A).
Using data from the CoMMpass-MMRF database, a list of 
seven mevalonate pathway-related genes (M46454 human 
gene set, GSEA) was used to study whether their expression 
had an impact on probability of first response in patients. 
Expression of HMGCR and HMGCS1, key genes in the meva-
lonate pathway, had an effect in patients that were placed 
on bortezomib-based therapies as first option but not for 
other therapies, however differences were not significant 
after P value correction (data not shown). Further analysis 
studying the combined effect of both genes showed that 
they were determinant for the response to therapy only 
in patients under bortezomib therapy, demonstrating the 
importance of cholesterol metabolism in the response to 
bortezomib (Figure 3F, G).
In this study, high dietary cholesterol increased myeloma 
tumor burden in the BM, accompanied by increased lipid 
content in myeloma cells. Mice were fed standard chow diet 
supplemented with 2% cholesterol. Unlike a Western diet, 
which combines high fat, high sucrose, and added cholesterol 
to model obesity and metabolic syndrome, this approach 
isolates the specific contribution of cholesterol without 
the confounding effects of excess fat or sugar. Proteomic 
profiling revealed elevated resistin, an adipokine associated 
with both hypercholesterolemia and myeloma, positively 
correlating with IgG2b levels. Resistin therefore emerges as 
a potential biomarker and mediator of tumor-bone crosstalk.

Figure 1. A high-cholesterol diet increases low-density lipoprotein and bone marrow tumor burden in vivo in C57BL/6 KaLwRij 
mice. (A) C57BL/6 KaLwRij mice were fed with either control or high cholesterol diet for 4 weeks and serum low-density lipopro-
tein (LDL) was measured. Mice were then randomly distributed into either control or tumor-bearing mice (myeloma) and inocu-
lated with 1.5x106 5TGM1-GFP cells. Cholesterol non-tumor mice and cholesterol pre-treatment myeloma mice had cholesterol 
diet halted at time of inoculation. (B) LDL in serum was measured at endpoint. (C) Proportion of 5TGM1 GFP-positive (+ve) tumor 
cells in bone marrow (BM). (D) IgG2bκ levels in serum. (E) Proportion of GFP+ve myeloma cells in spleen. (F) Lipid content of 
GFP+ve myeloma cells from BM quantified by lipidtox stain and flow cytometry. (G) Representative image acquired by confocal 
microscopy showing incorporation of far-red lipidtox in JJN3. In separate experiments, cholesterol diet was given from time of 
inoculation and GFP+ve myeloma cells in BM (H) and spleen tumor burden (I) were quantitated by flow cytometry. (J) Number 
of bone lesions counted from micro-computed tomography images. For two-group comparison, two-tailed Student’s t test was 
performed. *P<0.05; **P<0.01 and ***P<0.001. For more than 2 groups one-way anova analysis was performed. For (C), **P<0.01 
and ***P<0.001 compared to animals on control and cholesterol diets with no tumor. ##P<0.01 compared to myeloma cholester-
ol pre-treatment and aP<0.05 compared to myeloma on control diet. For (E), *P<0.05 and ***P<0.001 compared to control with 
no tumor in control diet or cholesterol diet. If not otherwise indicated, *P<0.05, **P<0.01 and ***P<0.001 compared to control 
with no tumor. Results are presented as mean ± standard error of the mean.
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Mechanistically, LDL-cholesterol induced resistance to the 
proteasome inhibitor bortezomib. Myeloma cells efficiently 

internalized LDL, which fully abrogated bortezomib-induced 
apoptosis and reversed its transcriptional signature, par-

Figure 2. Adipokine profiles identify increased resistin in bone marrow in response to high cholesterol or myeloma. (A) Low-den-
sity/very-low-density lipoprotein C (LDL/VLDL-C) ratio in the bone marrow (BM) of C57BL/6 KaLwRij mice after 4 weeks of high 
cholesterol diet. Heat maps show relative expression of adipokines in blood (B) and bone marrow plasma (C) of a non-tumor 
mouse on cholesterol diet (CHOL), myeloma-bearing mouse (MM) and MM on cholesterol diet (MM CHOL) compared to non-tumor 
control. Cholesterol diet was given continuously in all groups. (D) Relative resistin expression (expressed as fold-increase com-
pared to control) in BM plasma from non-tumor mice fed with control diet (CTR), cholesterol diet for 4 weeks (CHOL 4w) or 
cholesterol diet for 8 weeks (CHOL 8w). (E) Resistin expression in blood from control or cholesterol-fed animals for 8 weeks. (F) 
Relative resistin expression (expressed as fold-increase compared to control) in BM plasma in control non-tumor mice (CTR), MM 
and MM CHOL from inoculation. (G) Pearson correlation of IgG2bκ paraprotein and resistin levels in non-tumor mice in control 
diet (8 pairs of XY), tumor-bearing mice (13 pairs of XY) and tumor-bearing mice on cholesterol diet (12 pairs of XY). For 2 group 
comparison, two-tailed Student’s t test was performed. For more than 2 groups one-way anova analysis was performed. If not 
otherwise indicated, *P<0.05 and ***P<0.001 compared to control. Results are presented as mean ± standard error of the mean.
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ticularly under metabolic stress. This effect was specific 
to bortezomib. RNA-sequencing and enrichment analyses 
implicated ferroptosis in mediating drug resistance, consis-
tent with evidence linking cholesterol to ferroptosis evasion 
and the ability of cholesterol-lowering agents to effectively 
inhibit bortezomib-resistant myeloma cells.10

Our in vitro data demonstrates that LDL pretreatment of 
myeloma cells altered membrane fluidity and increased ca-
veolin-1 expression, a protein linked to redox homeostasis, 
adhesion and bortezomib resistance.11 Modulation of mem-
brane fluidity may influence not only intracellular trafficking 
and therapeutic response but also the diapedesis of my-
eloma cells, potentially modulating myeloma cell homing to 
the BM. In silico patient analysis using the MMRF CoMMpass 
study data supported these findings: the level of expression 
of key genes in the mevalonate pathway (HMGCS1, HMGCR) 
predicted outcomes only in patients with bortezomib-based 
therapy as a first option.
Resistin was elevated in the BM niche following high choles-
terol, consistent with the cholesterol-oriented metabolism 
of BM adipocytes.12 Known to induce multidrug tolerance 
through ABC transporter upregulation, resistin may contrib-
ute to bortezomib resistance.13-15

In summary, our findings reveal the impact of high cholester-
ol on myeloma progression and bortezomib resistance and 
provide insight into the cellular mechanisms that underly 
this, identifying resistin as a potential mediator within the 
tumor-bone microenvironment. Furthermore, our studies 
provide important mechanistic insight to facilitate optimal 
pharmacological or dietary intervention strategies.
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Figure 3. Low-density lipoprotein induces resistance to bortezomib and changes in the cholesterol pathway. (A) 5TGM1-GFP 
multiple myeloma (MM) cells were cultured in serum-free conditions and treated with pHrodoTM red-low-density lipoprotein (LDL) 
for 3 hours (h); 40x magnification. (B) Whole bone marrow (BM) was isolated from myeloma-bearing mice, seeded with no fetal 
bovine serum media and treated with 30 µg/mL LDL for 3 h before 24-h bortezomib treatment. Viability was quantitated by ala-
mar blue (N=3). Tumor cell viability was assessed by flow cytometry as GFP-positive cells compared to control. (C) JJN3 were 
cultured in serum-free conditions ± LDL for 3 hours before bortezomib treatment for 24 h. Apoptotic markers cPARP and short 
Mcl-1 were measured by western blotting with concurrent viability quantitation. (D) JJN3 myeloma cells were treated in the 
presence and absence of LDL and bortezomib and proteasome activity measured using a proteasome 20S activity assay kit. (E) 
JJN3 myeloma cells were treated in the presence and absence of LDL and bortezomib and RNA-Seq performed. Heatmap show-
ing differential expression gene (DEG) analysis from bortezomib versus control cells. CoMMpass study data analysis showing the 
impact of HMGCR and HMGCS1 expression on the probability of first response over time in patients with bortezomib-based ther-
apies as first option (F) and patients with other therapies (G). One-way ANOVA analysis was performed. For (B) ***P<0.001 com-
pared to control non-LDL condition. For (B) ***P<0.001 compared to control non-bortezomib treated condition, ###P<0.001 com-
pared to bortezomib treated no-LDL condition. For (D) *P<0.05, **P<0.01 compared to control (no bortezomib, no LDL). Results 
are presented as mean ± standard error of the mean.
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