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Abstract

Background and aims: Cancer and atherosclerosis share common risk factors and 

inflammatory pathways that promote their proliferation via vascular endothelial growth factor 

(VEGF). Because CCs cause mechanical injury and inflammation in atherosclerosis, we 

investigated their presence in solid cancers and their activation of IL-1β, VEGF, CD44, and 

Ubiquityl-Histone H2B (Ub-H2B), that promote cancer growth.
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Methods: Tumor specimens from eleven different types of human cancers and atherosclerotic 

plaques were assessed for CCs, free cholesterol content and IL1-β by microscopy, 

immunohistochemistry, and biochemical analysis. Breast and colon cancer cell lines were cultured 

with and without CCs to select for expression of VEGF, CD44, and Ub-H2B. Western blot and 

immunofluorescence were performed on cells to assess the effect of CCs on signaling pathways.

Results: Cancers displayed higher CC content (+2.29 ± 0.74 vs +1.46 ± 0.84, p < 0.0001), 

distribution (5.06 ± 3.13 vs 2.86 ± 2.18, p < 0.001) and free cholesterol (3.63 ± 4.02 vs 1.52 ± 0.56 

μg/mg, p < 0.01) than cancer free marginal tissues and similarly for atherosclerotic plaques and 

margins (+2.31 ± 0.51 vs +1.44 ± 0.79, p < 0.02; 14.0 ± 5.74 vs 8.14 ± 5.52, p < 0.03; 0.19 ± 0.14 

vs 0.09 ± 0.04 μg/mg, p < 0.02) respectively. Cancers displayed significantly increased expression 

of IL1-β compared to marginal tissues. CCs treated cancer cells had increased expression of 

VEGF, CD44, and Ub-H2B compared to control. By microscopy, CCs were found perforating 

cancer tumors similar to plaque rupture.

Conclusions: These findings suggest that CCs can induce trauma and activate cytokines that 

enhance cancer growth as in atherosclerosis.
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1. Introduction

The association between cancer and atherosclerosis has been previously recognized and 

both these common chronic conditions share many risk factors including advanced age, 

sedentary lifestyle, obesity, diabetes, hypercholesterolemia, smoking, and hormonal use [1–

3]. Furthermore, both solid cancers and atherosclerosis derive much of their nutrients for 

growth via neovascularization [4,5]. These are small and fragile vessels that form mainly 

by the activation of vascular endothelial growth factor (VEGF) signaling. In addition, 

cancer and atherosclerosis share common biological responses with respect to inflammation 

pathways that may contribute to their progression [6–10]. This raises the possibility that 

cancer and atherosclerosis may also share some common enhancing agents. In previous 

studies on atherosclerosis, we demonstrated that cholesterol crystals (CCs) trigger an 

inflammatory response by activation of NOD-, LRR- and pyrin domain-containing protein 

3 (NLRP3) inflammasome leading to generation of interleukin-1β (IL-1β) that cascades to 

activate IL-6 and then C-reactive protein by the liver [6]. A similar inflammatory process 

has been reported present in various cancers and with CCs in a model of colorectal cancer 

[7,10].

Our study investigated the presence of CCs in various solid cancers based on the hypothesis 

that CCs can enhance progression of cancer by inducing tissue injury and triggering 

inflammation as already shown in atherosclerosis [11–13]. To identify CCs induced 

biomarkers in cancer that involve tumor progression we proceeded to conduct in vitro 

cell-based studies, using breast cancer (BC) and colon cancer (CRC) cell lines exposed to 

CCs.
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2. Methods

2.1. Patient sample collection

De-identified solid tumor cancer samples and atherosclerotic plaques with their respective 

marginal tissues were obtained from patients undergoing surgery.

2.2. Microscopic analysis of CCs in cancer, atherosclerosis and marginal tissues

Analysis by light microscopy (LM), scanning electron microscopy (SEM), digital 3D 

microscopy (DM) and confocal microscopy (CM) was performed on tissue segments from 

cancers, atherosclerotic plaques and corresponding marginal tissues. Since fixation does not 

alter CCs, tissues were fixed in 10 % neutral buffered formalin for LM, SEM and DM [14].

2.2.1. LM analysis—Fixed tissue segments were serially dehydrated with graded 

ethanol, embedded in paraffin blocks, cut in 5 μm sections and stained with H&E or 

trichrome for examination by LM. A pathologist (JER) confirmed the presence and type of 

the underlying cancer and the matching normal organ tissue.

2.2.2. SEM analysis—Fixed tissue samples (3 × 5 mm) were dehydrated by air drying 

for 24 h to preserve CCs [14,15]. Samples were mounted on stubs and gold coated 

in a sputter coater (EMSCOPE SC500; Emscope) and then examined using a SEM 

(JSM-6610LV, Jeol Ltd). CCs density was measured semi-quantitatively as absent (0), 

scattered few (+1), dense in a limited area (+2), or dense and widely distributed (+3) 

[15]. Also, the number of sites with CCs were counted and used to compare cancer and 

plaques versus marginal tissue in comparable size tissue segments. The average CC density 

per specimen was calculated by adding the individual densities from all the sites and then 

divided by the number of sites in a specific specimen. These crystal forms were previously 

confirmed to be cholesterol using energy-dispersive X-ray spectroscopy, Fourier transform 

infrared spectroscopy and crystal geometry [11].

2.2.3. DM analysis—Fresh fixed tissue samples were examined under the 3D Keyence 

VHX-6000 digital microscope (Keyence Corp, Osaka, Japan) and images of CCs obtained 

using a VH-Z500T high-resolution zoom lens.

2.2.4. CM analysis—Fresh unprocessed tissues were stained for CCs using cholesteryl 

Bodipy-C12 fluorescent dye [15]. Fluorescence images were acquired using a Zeiss Pascal 

LSM microscope (Carl Zeiss, Inc., Jena, Germany).

2.3. Measurement of free cholesterol quantity in cancer, atherosclerosis and marginal 
tissues

Cancers, atherosclerotic plaques, and their respective marginal tissues (~50–100 mg) were 

washed with PBS and placed in a mortar with liquid nitrogen, minced to a fine powder 

and then transferred to a glass tube with screwcap, 3 ml of hexane/isopropanol (4/1, v/v) 

and 0.1 % of BHT. Then 19-hydroxycholesterol was added as internal standard and samples 

sonicated for 5 min in cold water, followed by centrifugation at 2100 rpm for 5 min at 4 

°C. The recovered supernatant was dried under a nitrogen stream and resuspended into 500 
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μl of methanol. Finally, 5 μl were injected into a 2 mm × 150 C18, 4-micron particles, 

80-micron pore size (Phenomenex®) column (LC: Shimadzu Prominence (2× LC20AD 

pumps)). Mobile phase A: 85 % methanol + 0.1 % formic acid, mobile phase B: 100 % 

methanol + 0.1 % formic acid and flow rate of 250 μl/min at 50 °C. Identification of free 

cholesterol was obtained by comparison of fragmentation fingerprint and relative retention 

times of cholesterol pure standard. Quantification was performed by peak area comparison 

with the IS and corrected for the recovery factor. Mass spectra data were analyzed with 

EI-Maven package (Elucidata).

2.4. IL-1β expression in cancer tissues

RNA was isolated using the RNA Isolation Kit (NORGEN Biotek Corp). First-strand 

cDNA was synthesized using the First Strand cDNA Synthesis Kit (OriGene Technologies) 

mixed with 2× SYBR Green PCR Master Mix and gene-specific forward and reverse 

primers and then subjected to real-time PCR quantification. All reactions were performed 

in triplicate. The relative amounts of mRNAs were calculated by using the comparative 

cycle threshold method. All genes were normalized to the abundance of cyclophilin mRNA. 

Immunohistochemistry for IL1-β expression in cancer and atherosclerotic tissues was 

performed as previously described [16].

2.5. CCs induced biomarkers in cell culture

Cancer cell lines (MDA-MB231, MCF-7 [breast] and colon [HT29]) from American Type 

Culture Collection (ATCC) were cryopreserved. Cell lines were cultured in 5 % CO2 at 37 

°C in RPMI 1640 medium (Life Technologies) supplemented with L-glutamine, 10 % fetal 

bovine serum, and penicillin (100 U/ml)/streptomycin (100 U/ml) (Life Technologies). CCs 

were prepared from synthetic cholesterol (≥99 % pure, Sigma) by dissolving in ethanol and 

evaporating the solution (0.5 % cholesterol in 100 % ethanol) in a sterile biosafety cabinet 

under UV light.

2.5.1. CC treatment—Dilutions and concentrations of the CCs (2 μg/ml) were added 

to cell cultures that were grown to 80 % confluence and then treated with either CCs or 1 

× PBS for 4 h. Immunofluorescence (IF) was performed for VEGF expression and cancer 

stem cell markers in lysates, by western blot (WB) a rabbit-polyclonal antibodies for VEGF 

(Santa Cruz Biotechnology), CD44 and Ub-H2B (Cell Signaling) were used. Methodology 

for IF and WB was performed as described [16]. Of note, higher concentrations of CCs 

were found to kill the cell lines, so the concentration used 2 μg/ml was selected as most 

compatible after titrations.

2.6. Statistical analysis

All analyses were performed using SAS version 9.4 (SAS Inc.). Means and standard 

deviations were calculated for CC density, CC sites, and free cholesterol for each of type 

of the cancer tissue and atherosclerotic plaque and their corresponding margin tissues where 

available. To test for the difference between the levels of CC density, distribution sites 

and free cholesterol between cancer tissue and atherosclerotic plaque and corresponding 

matched margin values, the Wilcoxon Signed Rank test, a nonparametric equivalent of a 

paired t-test, was used. To compare any un-matched cancer tissue or atherosclerotic plaque 
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for the three parameters under evaluation (CC density, CC sites and free cholesterol) vs. 

their unmatched tissue values, nonparametric Mann-Whitney test was used. A p-value ≤ 0.05 

was considered statistically significant.

2.7. Ethics

The protocol “Cholesterol crystals in arterial plaque and in solid cancer tumors: A 

connection between coronary artery disease and cancer” #1020 was exempt by institutional 

review boards of Michigan State University, East Lansing, MI, University of Michigan, Ann 

Arbor, MI, and Sparrow Hospital, Lansing, MI.

3. Results

Extensive amounts of CCs were detected by scanning electron microscopy (SEM), confocal 

microscopy (CM), and digital 3D microscopy (DM) in eleven various solid cancers obtained 

from 76 patients including renal, colon, lung, breast, thyroid, prostate, testicular, stomach, 

bladder, rectal and liposarcoma. Similarly, extensive amounts of CCs were found present in 

all carotid artery atherosclerotic plaques obtained from 7 patients (Figs. 1–4).

3.1. Cholesterol crystal density, distribution, and free cholesterol in three cancer types 
with matched marginal tissues (Table 1)

For the combined results of renal, colon and lung cancers and their corresponding matched 

normal marginal tissues respectively, there was a significantly greater CCs density graded 

from +0 to +3 (+2.29 ± 0.74 vs +1.46 ± 0.84, p < 0.0001); number of crystal distribution 

sites (5.06 ± 3.13 vs 2.86 ± 2.18, p < 0.001); and a greater amount of free cholesterol in 

cancer tissue compared to normal marginal tissue (3.63 ± 4.02 vs 1.52 ± 0.56 μg/mg, p < 

0.01).

3.2. Cholesterol crystal density, distribution, and free cholesterol in individual matched 
cancers and atherosclerotic plaque (Table 1)

3.2.1. Renal cell carcinoma and marginal tissue—By SEM CCs were found to 

be present with a significantly greater density in the renal cancer tissue compared to the 

matched marginal tissue (+2.29 ± 0.82 vs. +1.43 ± 0.88, p = 0.003). Also, the number 

of cholesterol crystal sites was more frequent within the renal cancer tissue compared 

to marginal tissue (6.00 ± 3.46 vs 3.23 ± 2.42, p < 0.02). Free cholesterol levels were 

significantly greater in the renal cancer tissue compared to the normal marginal tissue (5.83 

± 4.94 vs 1.59 ± 0.59 μg/mg, p < 0.005). Light microscopic analysis demonstrated that all 

the tumors were clear cell carcinoma, and the margins were cancer free normal renal tissue.

3.2.2. Colon cancer and marginal tissue—By SEM CCs density and number of site 

distribution in colon cancer were significantly greater than the normal marginal tissue but 

not for free cholesterol content (+2.25 ± 0.72 vs +1.38 ± 0.90, p < 0.001; 4.59 ± 3.06 vs 

2.71 ± 2.20, p < 0.03; 1.71 ± 1.29 vs 1.45 ± 0.54, μg/mg; p = ns) respectively. Larger and 

more prominent CCs formations were found in the colon cancer compared to normal tissue. 

Similarly, CCs were found to be emerging from the fresh unprocessed tissue surfaces by 

confocal and digital microscopy (Fig. 2). Extensive fluorescence uptake of Bodipy C-12 
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dye by CCs was noted in carcinoma of the colon compared to normal colon (Fig. 3A). 

Also, by SEM extensive macrophages were occasionally found surrounding CCs and some 

crystals were seen dissolving with loss of sharp edge geometry (Fig. 3A, e). By LM analysis, 

all these tumors were adenocarcinoma (Fig. 3A, f) with some cellular differentiation and 

normal colon in the margins.

3.2.3. Lung cancer and marginal tissue—By SEM, in six matched cases CCs were 

found to be present in all samples with a higher average of CCs density and distribution 

in the lung cancer tissue compared to the normal marginal tissue, but this did not achieve 

statistical significance (+2.42 ± 0.58 vs. +1.83 ± 0.26, p = 0.16; 4.00 ± 1.83 vs 2.25 ± 

1.26, p = 0.25). However, in another separate 16 matched cases (12 adenocarcinomas and 

4 squamous cell carcinomas) the free cholesterol content was significantly greater in the 

cancer compared to the marginal tissue (0.18 ± 0.11 vs. 0.09 ± 0.07; p < 0.0002).

3.2.4. Atherosclerotic plaque and marginal tissue—Similar to renal and colon 

cancer there was a significantly greater CCs density (+2.31 ± 0.51 vs +1.44 ± 0.79, p < 

0.02); number of crystal site distribution (14.0 ± 5.74 vs 8.14 ± 5.52, p < 0.03) and amount 

of free cholesterol in the atherosclerotic plaques compared to marginal plaque free carotid 

artery (0.19 ± 0.14 vs 0.09 ± 0.04 μg/mg, p < 0.02) (Fig. 3C).

3.3. Cholesterol crystal density, distribution in unmatched cancer samples

3.3.1. Breast cancer—By SEM, in six unmatched cases, CCs were found to be present 

in all samples with an average of +1.91 ± 0.23 CCs density and 7.83 ± 3.54 number of 

distribution sites. In one matched sample of invasive ductal carcinoma the number of crystal 

sites was more frequent and widely dispersed within the cancer compared to the marginal 

tissue (Fig. 3B). LM analysis demonstrated that these tumors were ductal carcinoma with 

moderate cellular differentiation.

3.3.2. Thyroid cancer—SEM analysis demonstrated extensive and widely dispersed 

CCs in two poorly differentiated papillary carcinoma cases (Fig. 1).

3.3.3. Prostate cancer—SEM analysis demonstrated extensive and widely dispersed 

CCs in two small glandular adenocarcinoma cases with some cellular differentiation (Fig. 1).

3.3.4. Other cancers—By SEM, CCs were found widely present in stomach, testicular, 

liposarcoma, bladder, and rectal cancer tissues.

3.4. Tissue injury

By SEM, CCs were found to be traumatizing atherosclerotic plaques with plaque rupture as 

well as cancers by perforating the surfaces of the tumor (Figs. 1, 2, 3A, B). Vasa vasorum in 

atherosclerotic plaques appeared to be surrounded by CCs with local hemorrhage (Fig. 4).

3.5. IL-1β expression in cancers

Immunohistochemistry analysis revealed that all renal, lung, prostate, thyroid, and colon 

cancers stained positive for IL-1β (Figs. 1, 3A, f). For colon cancer, quantitative real-time 
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PCR analysis indicated that cancers displayed significantly increased expression of IL-1β 
mRNA compared to marginal tissues (Fig. 3D).

3.6. Cholesterol crystal induced biomarkers in cancer cell lines

To evaluate the impact of CCs on activation of molecular markers that lead to 

neovascularization and tumor progression we tested the response of cancer cell lines to 

CCs using WB in BC and CRC cell lines. Cells that were exposed to CCs had a significantly 

increased expression of VEGF compared to unexposed cells (Fig. 3E). Immunofluorescence 

analysis also confirmed that CCs exposed cell lines displayed increased expression of 

VEGF (Fig. 3F). Moreover, CD44 and Ub-H2B that correlate with tumor recurrence, 

chemoresistance and tumor cell invasion had a significantly higher expression in cells 

exposed to CCs compared to unexposed BC and CRC cells. Normal cell function was 

confirmed by the presence of β-actin in both culture groups (Fig. 3E).

4. Discussion

In this study we demonstrated the presence of extensive CCs in eleven different solid 

cancers as is found in atherosclerotic plaques. In 1909 Charles White reported the presence 

of crystal shapes in fresh tumor specimens using polarizing light and subsequently others 

reported presence of CCs in mice tumor cultures and as clefts in basal cell carcinoma [17–

19]. However, the role of CCs in cancer trauma and their extent has not been recognized or 

pursued and the possibility that they may influence the progression of certain cancers has not 

been considered.

4.1. Traumatic effects of CCs on solid cancers

Examination by digital and confocal microscopy of fresh unprocessed tissue specimens 

revealed presence of CCs emerging from the cancer tumor surface as seen by SEM. We have 

previously demonstrated that CCs perforate the fibrous caps and arterial intima that can lead 

to plaque rupture in patients with acute myocardial infarction [15]. In this study we found 

CCs perforating the surfaces of various cancer tumors suggesting that this process is similar 

to we had reported with plaque rupture. Moreover, this mechanical trauma can lead to local 

dissemination of cancer cells beyond the tumor capsule (Graphical Abstract). Also, as noted 

in Fig. 4, trauma to the vasa vasorum by surrounding CCs in atherosclerosis is associated 

with intraplaque hemorrhage [20,21]. Studies of the mechanical behavior of CCs have 

demonstrated that CCs can readily perforate fibrous tissues including neovascular structures 

[22,23]. Thus, proximity of CCs to neovascularization in tumors may cause hemorrhage 

within the tumor as in plaque thus facilitating cancer cell entry into the circulation and 

metastasis [24]. Also, in a recent report, patients who had ACS and cancer had more 

prominent vulnerable plaque characteristics including CCs by OCT compared to patients 

without cancer [25].

4.2. Free cholesterol distribution in solid cancers

Free cholesterol was found to be significantly greater in solid cancers compared to marginal 

tissues in kidney, squamous cell, and adenocarcinoma of the lung. Since free cholesterol is 

the substrate for CCs formation it supports the findings by SEM that several of the matched 
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cancer and marginal samples had greater amounts of CCs in the cancer. However, variability 

in the crystal density and distribution were noted among the different cancers which may 

be related to total amounts of free cholesterol content and the physicochemical conditions 

within the tumors.

4.3. Biochemical effects of CCs on solid cancers

In many solid tumors and atherosclerosis, VEGF is a potent angiogenic agent that promotes 

neovascularization leading to development and spread of cancer and atherosclerosis [4,5]. 

These micro-vessels surround atherosclerotic plaques, cancerous tumors and are present in 

diabetic retinopathy. Recently we have demonstrated that CCs activate VEGF in human 

retinal endothelial cells that are essential in diabetic retinopathy [26]. Moreover, VEGF 

targeted therapy is used as an effective chemo therapy [27].

In our study, we found extensive CCs in a variety of solid cancers and observed that CCs 

activate not only VEGF but also CD44 and Ub-H2B in three cancer cell lines compared 

to control without CCs. Numerous cellular activities involving proliferation and metastasis 

are enhanced by CD44 and Ub-H2B [28,29]. However, until the current study the role 

CCs activating VEGF, CD44 and Ub-H2B in cancer cell lines has not been previously 

demonstrated.

4.4. Common inflammatory mechanism in atherosclerosis and cancers

Since both atherosclerosis and cancer share similar risk factors, they seem to also share 

similar injurious agents. Moreover, other crystals including uric acid crystals, silicates, 

and airborne inhaled particulates have all been shown to trigger a similar inflammatory 

pathway via NLRP3 [6,30,31] and some (asbestos, silica) can be carcinogenic [32]. Thus, 

crystalloids that overwhelm the immune system by either mass effect or that cannot be 

degraded by scavenger cells can pose a constant irritation leading to an iterative cycle of 

inflammatory injury that may in certain instances promote carcinogenesis, and in the arterial 

wall contribute to persistent cardiovascular risk [33]. In this study, some of the colon cancers 

had extensive macrophage aggregates surrounding CCs and dissolving them indicating that 

they were being sensed as foreign. This is similar to what we observed in aspirates from 

some of the culprit coronary arteries during myocardial infarction where macrophages were 

found to be engaging and degrading CCs [11].

Our prior research demonstrated that CCs triggers the innate immune system via NLRP3 

inflammasome leading to the activation of IL-1β in atherosclerosis [6]. One prior study 

reported that IL-1β is present in cancerous tumors associated with CCs [10] while others 

have reported that it may have an important role in tumorigenesis and metastasis [9,34]. This 

suggests that some cancers and atherosclerosis share this common inflammatory pathway 

and our study points to CCs as an agent that may contribute to the expression of IL-1β that 

triggers inflammation in these cancers as has been shown in atherosclerosis [6,11].

4.5. Future prospects for common treatment targets for atherosclerosis and cancers

Aspirin and statins are well established in the treatment of atherosclerotic disease, but 

many studies have also reported their ability to reduce the incidence of cancer, especially 
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when used for many years. Also, recently, colchicine was approved for prevention treatment 

of patients with existing and those with multiple risk factors for cardiovascular disease 

based on the Lodoco study [35,36]. Moreover, we have found that both aspirin, statins and 

colchicine can inhibit the growth and expansion of CCs in vitro as well as in vivo for statins 

[37–39]. This suggests that some of the benefits derived from aspirin, colchicine and statins 

in atherosclerosis and cancer may be related in part to their inhibition of crystal formation, 

dissolution of CCs and reduced associated inflammation.

4.6. Limitations

A limitation of this study is the small number of marginal tissues available with some 

cancers, like breast, to conduct matched comparisons. However, when combining tumors, 

CCs are more frequently distributed in the cancer versus the marginal tissue and free 

cholesterol was more abundant in the cancers as well. For lung tumors, not enough tissue 

was available to evaluate both the CCs by SEM and free cholesterol measurements on the 

same segments. Also, clinical data was not available that could have added further insight 

into the various tumor specimen lipid composition and hence CCs content.

5. Conclusion

In this report, we draw attention to the injurious and inflammatory effects of CCs that can 

contribute to the progression of both cancer and atherosclerosis. CCs induced tumor trauma 

can lead to dissemination of cancer cells both locally and by metastasis via neovascular 

injury. This process is similar to how CCs puncture fibrous caps leading to plaque rupture. 

We demonstrate extensive accumulation of CCs in 11 solid tumors. This is the first report 

to provide quantification and distribution of CCs in cancer tumors with activation of VEGF, 

CD44 and Ub-H2B that can contribute to the progression of malignancies and enhance their 

growth.

These findings highlight a fundamental relationship between cancer and atherosclerosis. 

Further research in vivo studies to identify shared connections and common treatment 

targets between these two conditions will help develop strategies to treat cancer patients 

or those at high risk as a prevention. These data may introduce additional therapies for 

the treatment of solid cancers that inhibit CCs formation which appears to enhance tumor 

growth. The relationship between atherosclerosis and cancer is elucidated by these findings 

that underscore the role of CCs in both conditions.
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Abbreviations

CCs Cholesterol crystals

BC Breast cancer cells

CRC Colon cancer cells

CM Confocal microscopy

DM Digital 3D microscopy

IL-1β Interleukin-1β

IF Immunofluorescence

LM Light microscopy

SEM Scanning electron microscopy

Ub-H2B Ubiquityl-Histone H2B

VEGF Vascular endothelial growth factor

WB Western blot
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Fig. 1. 
Scanning and light microscopy of cancer and atherosclerosis: (Top row) Scanning electron 

micrographs of various cancers and carotid plaque demonstrating presence of extensive 

cholesterol crystals perforating the tumor and plaque surface. (Bottom row) Matched cancer 

type is confirmed by light microscopy. Also, immunostaining for IL-1β demonstrating its 

presence in prostate cancer and atherosclerotic plaque.
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Fig. 2. 
Scanning and 3D-digital microscopy of colon cancer and marginal tissue: Scanning electron 

micrographs of colon cancer (a, c) and matching marginal tissue (b, d) demonstrate larger 

and prominent cholesterol crystal formations in the cancer but not in the normal marginal 

tissue. CCs are seen traumatizing and perforating the tumor surface. Digital microscopy of 

fresh unprocessed tissue demonstrates the presence of large cholesterol crystal formations in 

the colon cancer (e, f, g).

Abela et al. Page 14

Am Heart J Plus. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Scanning, light, confocal microscopy and cytokine activation: Extensive fluorescence uptake 

of Bodipy C-12 dye by CCs is noted in carcinoma of the colon (A, a, b, d) but not in 

the matched marginal colon without CCs (A, c). SEM demonstrates extensive macrophages 

surrounding a cholesterol crystal that appears dissolving (arrow, A, e). LM demonstrates 

positive IL-1β stain of adenocarcinoma of the colon (A, f). Ductal cell carcinoma of the 

breast is confirmed by LM (B, a). SEM of matched breast cancer and marginal tissue 

demonstrates extensive CCs in the tumor perforating the surface (B, b) but not in the 

surrounding marginal tissue (B, c). IL-1β mRNA expression in colon cancer tissues is 

significantly (average fold change: 109 [marginal tissue] vs. 304 [colon cancer]) greater 

compared to normal marginal tissues (C). Free cholesterol content in carotid plaques is 

significantly greater compared to the surrounding tissue margins and normal arteries (D). 

In vitro cell based studies by western blot and green immunofluorescence demonstrate CCs 

(UT vs. CC-T) induces increased expression of VEGF (immunofluorescence and western 

blot) and cancer stem cell markers (western blot) in both breast and colon cancer cell lines 

(E, F). Athero = atherosclerotic CCs = cholesterol crystals; LM = light microscopy; SEM = 

Scanning electron microscopy; UT = untreated; CC-T = Cholesterol crystal treated.
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Fig. 4. 
Mechanical trauma with hemorrhage by cholesterol crystals in atherosclerosis: a) Light 

micrograph of CCs in atherosclerotic plaque with rupture and hemorrhage; vasa vasorum 

(arrows) is surrounded by CCs and extravasated blood (H); b) by scanning electron 

microscopy crystals are noted emerging from the plaque surface surrounded by RBCs; 

c) fluorescence microscopy reveals CCs studded over the plaque surface; d) by digital 

microscopy CCs are seen emerging at the plaque surface; e) SEM at higher magnification of 
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a large rhomboid CC emerging form the plaque surface during acute cardiovascular even; f) 

SEM at lower magnification many CCs are seen perforating the surface of a carotid plaque.
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