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Optoacoustic imaging of the
brain in a cachexia-inducing
pancreatic cancer xenograft
Saleem Yousf1, Marie-France Penet1,2, Andrew Brannen3,
Paul Winnard Jr.1, Yelena Mironchik1, Balaji Krishnamachary1,2

and Zaver M. Bhujwalla1,2,4*

1Division of Cancer Imaging Research, The Russell H. Morgan Department of Radiology and
Radiological Science, The Johns Hopkins University School of Medicine, Baltimore, MD, United States,
2Sidney Kimmel Comprehensive Cancer Center, The Johns Hopkins University School of Medicine,
Baltimore, MD, United States, 3iThera Medical, GmbH, Munich, Germany, 4Department of Radiation
Oncology and Molecular Radiation Sciences, The Johns Hopkins University School of Medicine,
Baltimore, MD, United States
Pancreatic cancer-induced cachexia drives co-morbidities that result in a poor

quality of life. To expand understanding of the effects of cachexia on the brain

here, for the first time, we used noninvasive oxygen enhanced (OE) multispectral

optoacoustic tomography (MSOT) to evaluate the ability of the brain vasculature

to respond to oxygen breathing in an established xenograft model of pancreatic

cancer-induced cachexia. Studies were performed with mice bearing cachexia

inducing Pa04C tumors, non-cachexia inducing Panc1 tumors and non-tumor

bearing mice. OE-MSOT identified a reduced oxygen carrying capacity in the

brain vasculature of mice with cachexia inducing Pa04C tumors, compared to

non-tumor bearing mice, and mice with non-cachexia inducing Panc1 tumors.

Brain volumes, quantified in mice with MSOT, were significantly reduced in

Pa04C tumor-bearing mice compared to non-tumor bearing mice. Our data

have identified the inability of brain vasculature to increase oxygenation in

response to oxygen breathing in cachectic mice as a new mechanism that may

contribute to cachexia-induced morbidity.
KEYWORDS

pancreatic ductal adenocarcinoma, cachexia, optoacoustic imaging, brain,
vascular oxygenation
Introduction

Cachexia is a debilitating syndrome that occurs in chronic heart failure, chronic

obstructive pulmonary disease, rheumatoid arthritis, and in certain types of cancer (1, 2). In

the international consensus statement of 2011, cancer cachexia was defined as ‘a

multifactorial syndrome characterized by an ongoing loss of skeletal muscle mass with

or without loss of fat mass that cannot be fully reversed by conventional nutritional support

and leads to progressive functional impairment’ (3). The onset of cachexia has been
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described as unintentional weight loss exceeding 5% in the previous

6 months, or a body-mass-index (BMI) <20 kg/m2 with ongoing

weight loss of >2%, or sarcopenia and ongoing weight loss of >2%

(3). Cancer cachexia is observed most frequently in advanced

pancreatic ductal adenocarcinoma (PDAC) and lung cancer,

although it is also observed in liver, ovarian, colorectal and head

and neck cancers (4–9). In PDAC patients, cachexia has been

associated with reduced physical function, lower response rates to

chemotherapy and radiotherapy, and lower survival rates (4, 10),

with approximately one-third of PDAC patients dying from

cachexia related complications (10). In addition, PDAC patients

with cachexia demonstrate poor treatment tolerance and decreased

survival after pancreatectomy (4, 11).

The high prevalence of cachexia in PDAC is attributed to

tumor-released factors, the disruption of pancreatic function, and

the close interaction between the pancreas and the gut (12). Altered

pancreatic function was found to drive early cachexia development

in pancreatic cancer preclinical models (13). PDAC patients

characteristically have elevated levels of pro-inflammatory

cytokines, such as IL-6 and TNF-alpha that drive systemic

inflammation, which is one of the defining conditions of cachexia

(14, 15). Previous studies have detected overexpression of pro-

inflammatory cytokines including TNF-a and IL-1b in the

hypothalamus of cachexia models (16, 17) that likely contributes

to the modulation of appetite.

In a study with patient derived PDAC cell lines, we found,

relative to non-tumor bearing (NTB) normal mice and non-

cachexia inducing Panc1 tumors, that Pa04C tumors induced

significant body weight loss (18). In addition, Pa04C tumor-

bearing mice, but not Panc1 tumor-bearing mice, activated a

MuRF1 (Muscle RING-finger protein-1) promoter reporter in

myoblasts grafted onto the biceps femoris muscle (18). MuRF1 is

a muscle specific E3 ubiquitin ligase that is upregulated during

muscle atrophy (19, 20). Brain weights were significantly reduced in

Pa04C mice compared to NTB normal mice or mice bearing non-

cachexia inducing Panc1 tumors (21). A cachectic brain metabolic

signature in these mice was characterized by depleted choline and

increased glutamine and formate (21). Altered glutamine

metabolism and brain weight loss in these cachectic mice led us,

in the present study, to evaluate brain oxygenation, hemodynamics

and volume using noninvasive optoacoustic imaging. Hypoxia can

promote the uptake of glutamine by increasing the levels of

glutamine transporters (22, 23). Anemia that is frequently

observed in PDAC can also contribute to alterations in vascular

hemodynamics (24, 25). While the precise mechanisms underlying

anemia in PDAC remain unclear, contributing factors such as iron

deficiency have been documented in over 60% of PDAC patients,

identifying its role as a major contributor to anemia in this cancer

type (25).

Multispectral optoacoustic tomography (MSOT) or

optoacoustic tomography (OT) imaging is an emerging non-

invasive hybrid modality that combines the high contrast and

spectral specificity of optical imaging with the high spatial

resolution and penetration depth of ultrasound (US) imaging,

providing structural and functional images of tissues in real-time
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(26). MSOT provides a distinct advantage for measuring deep tissue

oxygenation in mouse models. Unlike conventional optical

techniques that are limited by shallow penetration, MSOT utilizes

near-infrared light to generate optoacoustic signals capable of

penetrating ~ 4–5 cm into tissue, allowing for high-resolution,

non-invasive oxygenation measurements at these depths that are

clearly sufficient for the mouse brain. The use of spectral unmixing

allows the differentiation of oxyhemoglobin (HbO2) from

deoxyhemoglobin (Hb), enabling precise and accurate

quantification of oxygen saturation, even in complex and

heterogeneous tissue environments. Numerous studies have

successfully utilized MSOT to assess tissue oxygenation at these

depths in both preclinical and clinical settings (27–37). During

MSOT imaging, tissues are illuminated with pulsed laser light at

multiple wavelengths, typically in the near-infrared range, where

HbO2 and Hb exhibit different absorption characteristics. The

absorbed light induces thermoelastic expansion, generating

ultrasonic waves that are detected by ultrasound transducers.

These signals are then processed using spectral unmixing

algorithms that separate HbO2 and Hb based on their unique

spectral signatures, allowing for the calculation of their relative

concentrations. The sO2 is determined by calculating the ratio of

HbO2 to total hemoglobin, using the formula: sO2 = [HbO2]/[HbO2

+Hb]. By switching the respiratory gas from medical air (21%

oxygen) to 100% oxygen at 760 mm Hg, static measurements of

total hemoglobin, and oxy- and deoxyhemoglobin can be combined

with dynamic oxygen-enhanced optoacoustic tomography (OE-

MSOT), to detect changes in hemoglobin oxygenation. Dynamic

OE-MSOT measurements have been demonstrated to correlate

with histopathologic analyses of tumor vascular function (38, 39).

We performed OE-MSOT to monitor changes in hemoglobin

oxygenation in the brains of cachectic Pa04C tumor-bearing mice,

compared to NTB normal mice, and mice with non-cachexia-

inducing Panc1 tumors. We additionally performed CD31

immunostaining of brain sections that identified changes in brain

vasculature with cachexia. Our data highlight the significant

physiological and structural changes that occur in the brain in

mice with cachexia-inducing tumors, identifying a reduction in

brain vascular oxygenation and volume as potential factors

contributing to morbidity. These insights may lead to approaches

such as increasing brain oxygenation to improve quality of life and

reduce morbidity. While MSOT imaging is limited by depth

penetration, translational imaging techniques such as perfusion

MRI may be applied to detect changes in brain hemodynamics

and brain volume for cachexia diagnosis and for detecting

therapeutic response to interventions in translational applications.
Materials and methods

Tumor xenografts

The Panc1 cell line, derived from a 56-year-old male patient

with PDAC, was acquired from American Type Culture Collection

(ATCC, Rockville, MD). The Pa04C cell line, obtained from a 59-
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year-old male patient with PDAC lung metastasis, was generously

provided by Dr. Anirban Maitra. Both cell lines were cultured in

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with

10% fetal bovine serum under standard incubation conditions of 37

°C, 5% CO2, and a humidified environment.

All animal studies were performed in strict compliance with

protocols approved by the institutional Animal Care and Use

Committee. These practices adhered to the guidelines outlined in

the “Guide for the Care and Use of Laboratory Animals” published

by the National Institutes of Health.

Tumor xenografts were derived from the inoculation of 2 × 106

cells suspended in 50 mL of Hanks solution in the right flank of six

to eight-week-old male immunodeficient nude mice. MSOT

hemodynamic and brain volume studies were performed with 5

NTB normal mice, 5 Panc1 tumor-bearing mice, and 5 Pa04C

tumor-bearing mice.

Mice were weighed every 2–3 days at which time tumor

volumes, calculated as 0.524 x length x width x depth, were

recorded using a digital caliper. The brain imaging studies were

performed once tumor volumes were approximately 450–500 mm³

at approximately 6 to 9 weeks from inoculation.
Multispectral optoacoustic tomography

MSOT imaging was performed using an MSOT inVision 512-

echo scanner (iThera Medical, GmbH, Munich, Germany.) that

integrates simultaneous tomographic optoacoustic and

tomographic ultrasound acquisitions. This small animal imaging

scanner is equipped with a 512- toroidally-focused ultrasound (US)

transducer array operating at a central frequency of 5 MHz and

spanning a circular arc of 270° to effectively detect optoacoustic

signals. Both optoacoustic and ultrasound images are co-registered

as they are acquired using the same tomographic ultrasound

transducer array. Briefly, light excitation was provided with a

tunable optical parametric oscillator (OPO) pumped by an Nd:

YAG laser. Excitation pulses with a duration of 9 ns at wavelengths

ranging from 700 nm to 900 nm at a repetition rate of 10 Hz,

wavelength tuning speed of 10 ms, and a peak pulse energy of 100

mJ at 720 nm were used. The ten arms of a fiber bundle were

positioned evenly around the animal to create a ring-shaped

illumination around the mouse body coinciding with the US

detection plane.

Mice were anesthetized with 2% isoflurane using medical air.

For MSOT brain imaging, the animals were placed in a supine

position in a customized animal holder (iThera Medical, GmbH,

Munich, Germany.), wrapped in a thin polyethylene membrane. A

thin layer of US gel was applied to the skin for better acoustic

coupling to the membrane prior to imaging. The holder was then

placed within the water chamber of the MSOT scanner maintained

at 34 °C, and the mouse was allowed to acclimatize for 15 min.

Although the MSOT scanner used in our study does not have an

integrated respiration or ECG monitoring unit, respiration was

assessed visually using the scanner’s built-in camera to observe

thoracic and abdominal movements of the animal while under
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anesthesia. Based on these movements, the respiratory rate of mice

was approximately maintained in the range of 70–80 breaths per

minute by manually adjusting the anesthesia. During preparation

and acclimatization, mice were breathing medical air (21% O2) at

160 mmHg. The mouse was moved through the transducer array

along its axis and cross-sectional image slices of the region of

interest were acquired, with a step size of 0.5 mm. Continuous

imaging commenced using 6 wavelengths (700, 730, 760, 800, 860

and 900 nm) with an average of 10 pulses per wavelength. During

OE-MSOT imaging, a single slice at the center of the brain was

continuously imaged throughout the dynamic gas challenge. The

same anatomical location was used in all the mice. Each mouse was

continuously imaged, first during 3 minutes of breathing regular

medical air, followed by breathing 100% oxygen for another 8–10

minutes (3 min at 21% O2; 8–10 min at 100% O2).
MSOT image processing

Data analysis of the MSOT images was performed using

viewMSOT (Version 4.0.2.0, iThera Medical, GmbH, Munich,

Germany), which enabled the complete imaging workflow from

data acquisition to image reconstruction, spectral unmixing,

visual izat ion and quantificat ion. MSOT images were

reconstructed from the raw data using a back-projection

algorithm at a resolution of 75 mm. Once the multispectral data

were acquired, signals corresponding to different chromophores

were separated using spectral unmixing algorithms. Spectral

unmixing was performed using a linear regression method within

the ViewMSOT software. This process enables the separation of Hb

and HbO2 based on their unique absorption spectra in the near-

infrared range. The algorithm assigns the appropriate reference

spectrum to each pixel in the image, allowing for the precise

quantification of oxygen saturation (sO2) by calculating the ratio

of HbO2 to total hemoglobin (HbT). A region of interest (ROI) was

manually drawn over the entire cross-sectional area of the brain,

excluding regions in the field of view that contained large blood

volume such as the superior sagittal sinus and temporal arteries, on

concurrently acquired optoacoustic images of the brain to

determine the spectral signal. Within each ROI, the mean of the

highest 10% values was used to analyze hemodynamic parameters.

Analyzing the top 10% of the signal, instead of the overall mean,

reduced the influence of outliers at the high and low ends of the

dynamic range that could bias the mean data and overall trend. In

this approach, quantification was performed for pixels with values

within the top 10 % of the dynamic range. The limitations of this

quantification approach were carefully considered by excluding

regions in the field of view that contained large blood volume

such as the superior sagittal sinus and temporal arteries, to restrict

the dynamic range to the brain parenchyma. This approach

provides a window for which the response of the oxygen

challenge can be graphically appreciated without bias from

outliers and low-responding/non-responding pixels. The average

oxygen saturation, calculated for each pixel within the ROI during

both air and oxygen breathing periods, was represented as sO2
MSOT
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(Air) and sO2
MSOT(O2), respectively. The amplitude of response to

the oxygen gas challenge, DsO2MSOT, was calculated for each pixel

by subtracting sO2
MSOT(Air) from sO2

MSOT(O2). Identical

reconstruction parameters, such as field of view, speed of sound,

pixel size, high/low pass filters, and spectral unmixing parameters

were consistently applied to all the data sets.

To calculate the brain volume, cross-sectional 2D images were

acquired at a step size of 0.5 mm along the z-axis to cover the whole

brain. Each 2D slice was reconstructed using the back projection

algorithm. The reconstructed 2D slices were then processed in

viewMSOT software to create a 3D volume by stacking the 2D

slices along the z-axis. ROIs were manually drawn along brain

boundaries on each 2D slice, using ultrasound images for

anatomical accuracy. Ultrasound imaging provided anatomical

details essential for identifying the brain’s structural boundaries.

Interpolation between slices was applied wherever necessary to

ensure a continuous 3D structure. Orthogonal planes in the x-y,

x-z, and y-z orientations were used to define the 3D ROI to

encompass the entire brain (Supplementary Figure S1). Once the

ROI was defined across the 3D volume, the software calculated the

brain volume within the defined region.

Unlike MRI that offers superior spatial resolution, the spatial

resolution of ultrasound/optoacoustic imaging is lower that makes it

challenging to delineate small anatomical boundaries such as the

olfactory bulb and cerebellum. However, to ensure accuracy and

reproducibility in our volumetric measurements, we used

standardized animal positioning, maintained identical acquisition

parameters, and confirmed slice positions across animals through

anatomical landmark referencing using both the co-registered

ultrasound and photoacoustic imaging data from the MSOT

scanner. While the volumetric precision is lower than for MRI,

volume changes between groups can be identified under these

standardized imaging conditions. All coronal brain slices for the

representative mouse brain are presented in Supplementary Figure S2.
OE-MSOT data analysis

For the quantification of DsO2
MSOT, OE-MSOT data were

subjected to non-linear regression analysis using GraphPad Prism

(version 6.0, GraphPad Software). This curve-fitting approach rather

than a manual approach was selected to avoid any operator bias. As

shown in Supplementary Figure S3, data were fitted to a “plateau

followed by a one-phase association” model within GraphPad Prism

software. This built-in model provided a best fit for the sO2 response

curve, allowing for the extraction of key parameters that describe the

kinetics of oxygen saturation changes in the tissue.

The equation used for the curve-fitting was defined as follows:

Y =  IF (X < X0,  Y0,Y0  +  (Plateau − Y0)*(1  −  exp( − K*(X − X0))))

where:

Y is the MSOT signal level, X is time, X0 represents the time at

which the respiratory gas was switched from air to oxygen, Y0 is the

average Y value up to time X0, Plateau is the Y value at infinite

times, expressed in the same units as Y, and K is the rate constant.
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The amplitude of response, DsO2
MSOT, was determined using

the Span parameter calculated by GraphPad Prism software, defined

as the difference between Plateau and Y0. This parameter quantifies

the magnitude of change in oxygen saturation following the oxygen

challenge, providing a measure of the dynamic response of brain

vasculature to altered oxygen conditions.
CD31 immunostaining

Formalin-fixed, paraffin-embedded sections of brains from

NTB (n=3), Pa04C (n=3) and Panc1 (n=3) tumor-bearing mice

were deparaffinized and processed using a standard protocol (40)

Following standard endogenous peroxidase blocking and non-

specific protein blocking, tissue sections were incubated with the

rat monoclonal CD31 antibody (Dianova, Hamburg, Germany,

1:30 dilution) overnight at 4°C. Following this, sections were

processed with Elite rat specific ABC Vector staining kit (Vector

Laboratories, Newark, CA, Cat. No.- PK-6104). Slides were

stained with 3,3′-diaminobenzidine (DAB) and counterstained

with hematoxylin. High-resolution digital scans of the stained

brain sections were obtained using ScanScope (Aperio, Vista, CA).

Quantification was performed using the ImageScope software

Pos i t ive P ixe l Count V9 a lgor i thm suppl ied by the

manufacturer. The area occupied by CD31 positive pixels was

normalized to the area of brain tissue to obtain the percent CD31

fraction in each section.
Statistical analysis

To assess the normality of our datasets, we conducted the

Kolmogorov-Smirnov (K-S) test for DsO2
MSOT (Control:

p = 0.88, Panc1: p = 0.23, Pa04C: p = 0.78), weight change

(Control: p = 0.07, Panc1: p = 0.50, Pa04C: p = 0.25), and volume

(Control: p = 0.29, Panc1: p = 0.18, Pa04C: p = 0.99). All datasets

yielded p-values greater than 0.05, indicating no significant

deviation from a normal distribution. Given that the normality

assumption was met, a Student’s two-sided t-test was conducted to

identify statistically significant differences between groups. For

multiple comparisons, one-way analysis of variance (ANOVA)

followed by post hoc tests (Holm–Sidak method or Fisher’s least

significant difference (LSD) test) was performed to determine

statistically significant differences among groups, with p < 0.05

considered significant.
Results

Body weight evaluation

Cachexia-inducing Pa04C tumors induced significant weight

loss, in contrast to the weight gains seen in non-cachectic Panc1

mice and NTB mice as shown in Figure 1 for weights measured at

the end of the study. All groups were provided with the same
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standard nutrition throughout the experiment suggesting that the

weight loss was involuntary.
Cachexia and changes in brain volume

Pa04C tumors induced a significant decrease of brain volume

compared to NTB normal mice as shown in the representative

ultrasound images in Figures 2A-C, and summarized in

Figure 2D. On average, the mean brain volumes of NTB normal

and Panc1 tumor-bear ing non-cachec t i c mice were

approximately 513 mm3 and 502 mm3, respectively. In

comparison, the mean brain volume of Pa04C mice was

approximately 479 mm3 at the time of imaging.
In vivo MSOT hemodynamic changes
during respiratory gas challenge

A representative trans-axial cross-sectional single wavelength

MSOT image, acquired at 850 nm through intact skin and skull, of
IGURE 2F

Impact of cachexia on brain volume. Representative 3D brain ultrasound (US) images of (A) a non-tumor-bearing (NTB) normal mouse, (B) a Panc1
tumor-bearing mouse, and (C) a Pa04C tumor-bearing mouse. Regions of interest (ROIs) outlined in cyan were delineated on transaxial cross-
sectional brain slices using B-mode ultrasound images for brain volume quantification. Corresponding midbrain transaxial cross-sectional ultrasound
images are shown adjacent to the 3D US images. (D) Summary of brain volume for NTB normal mice and for Panc1 and Pa04C tumor-bearing mice.
The reduction in brain size is evident in the Pa04C tumor-bearing mouse compared to NTB and Panc1 tumor-bearing mice. Brain volumes were
determined at the time of imaging when tumor volumes were approximately 450–500 mm³. Statistical analyses were performed using one-way
ANOVA followed by Holm-Sidak’s multiple comparisons test. *denotes statistical significance with p < 0.05. Values represent Mean +/- SD.
FIGURE 1

Body weight changes. Body weight change of each mouse relative to
initial weights as percent gains or losses once tumor volumes were
approximately 450–500 mm³. Final weights were measured at the
time of imaging. Statistical analyses were performed using one-way
ANOVA followed by Holm-Sidak’s multiple comparisons test. *denotes
statistical significance with p < 0.05. Values represent Mean +/- SD.
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the brain from a living NTB normal mouse presented in Figure 3A

reveals the major blood vessels and other anatomical features in the

brain. The corresponding trans-axial US brain image is presented in

Figure 3B. Spectral unmixing of signals was applied to identify the

presence of Hb and HbO2, as shown in the representative image in

Figure 3C. The absorption spectra of Hb and HbO2 utilized for

spectral unmixing and calculating sO2 are shown in Supplementary

Figure S4. Prominent photoacoustic signals were clearly detected

in major blood vessels deep within the brain, such as the superior

sagittal sinus (SSS), the middle cerebral artery (MCA),

the superficial temporal arteries (TA) and the posterior

communicating artery (PCA) through the intact skull and skin

(Figure 3C). To quantify brain oxygenation and hemodynamics, an

ROI encompassing the brain but excluding major blood vessels was

defined, as shown in Supplementary Figure S5. Figures 4A-C

display representative images of single wavelength cross-sectional

images of the hemodynamic parameters Hb, HbO2, HbT and sO2

from the brain of NTB normal mice (Figure 4A), Panc1 mice

(Figure 4B) and Pa04C mice (Figure 4C) during the air-oxygen gas

challenge. The heatmap displayed in Figure 4D, illustrates the

pattern of alterations in hemodynamic parameters across the
Frontiers in Oncology 06
three groups, providing an overview of the hemodynamic changes

in NTB normal mice, Panc1 mice, and Pa04C mice before and after

the respiratory air/oxygen gas challenge, with data normalized to

the highest value within the dataset for each parameter. The values

for Hb under air breathing conditions, and for HbT and HbO2

under oxygen breathing, were set to 1, creating a relative scale for

analyzing all hemodynamic parameters between the two breathing

conditions. The heatmap identified a reduction in deoxygenated

hemoglobin levels during the air/oxygen gas challenge in Pa04C

mice when compared to NTB normal mice and Panc1 mice. In

contrast, an elevation in hemoglobin levels was observed during the

air/oxygen gas challenge in NTB normal mice and Panc1 mice

compared to Pa04C mice.
OE-MSOT identifies differences in brain
vascular function

Significant differences in response to the O2 breathing challenge

were clearly identified in multispectral optoacoustic tomography

(MSOT)-derived oxygen saturation (sO2
MSOT) in Pa04C tumor-
FIGURE 3

In vivo MSOT anatomical and functional imaging of a live intact mouse brain. (A) Transaxial cross-sectional background (single wavelength: 850 nm)
anatomical photoacoustic image of an intact brain from a NTB normal living mouse. (B) Corresponding transaxial cross-sectional ultrasound brain
image. (C) The multispectral data unmixed for the oxygenated (HbO2) and deoxygenated (Hb) hemoglobin are overlaid on the single wavelength
(850 nm) image in red and blue, respectively. Brain structures such as the superior sagittal sinus (SSS), the middle cerebral artery (MCA), superficial
temporal arteries (TA) and the posterior communicating artery (PCA) are visible.
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bearing cachectic mice compared to Panc1 tumor-bearing non-

cachectic mice and NTB normal mice (Figure 5). During the

respiratory gas challenge, we observed higher oxygen saturation in

NTB normal and Panc1 tumor-bearing mice compared to cachectic

Pa04C-bearing mice. OE-MSOT kinetic curves in Figure 5 were used

to calculate the amplitude of response to the oxygen gas challenge,

DsO2
MSOT. DsO2

MSOT was significantly lower in Pa04C cachectic

mice compared to NTB normal and Panc1 mice (Figure 6).
CD31 immunostaining identifies changes in
brain vasculature

Immunostaining of NTB normal brain, Panc1 and Pa04C

tumor-bearing mouse brain for the endothelial marker CD31

showed significant differences in the vasculature. These results

summarized in Figure 7 identified an increase of percent CD31 in

the brain of Pa04C tumor-bearing mice compared to NTB normal

mice (3.07 ± 0.30 vs 1.89 ± 0.18, p=0.03). There was no significant

difference in CD31 expression in the brains of mice with Panc1 and

Pa04C tumors or between NTB normal and Panc1 tumor-

bearing mice.
Discussion

We identified a significant decrease of brain volume and a

significant reduction of the oxygen carrying capacity within brain

vasculature with noninvasive MSOT imaging in our cachexia-
Frontiers in Oncology 07
inducing PDAC xenograft model. To the best of our knowledge,

these are the first studies reporting changes in brain volume and

brain vascular oxygenation with cachexia. These studies open new

avenues for understanding the physiological underpinnings of

cachexia and its impact on brain oxygenation dynamics.

Consistent with the previously established ability of Pa04C

tumors to induce cachexia and reduce brain weight (21), here we

confirmed significant body weight loss and observed a significant

reduction in brain volume with imaging in Pa04C tumor-bearing

mice compared to NTB normal mice and non-cachexia inducing

Panc1 tumor-bearing mice. These results suggest that a reduction of

brain size contributed to the previously identified loss in brain

weight (21). While the effects of PDAC on the brain volume have

not been previously reported in patients, a recent study based on

voxel-based morphometry and functional connectivity (FC)

analysis demonstrated that lung cancer patients with bone

metastasis exhibited decreased gray matter volume as compared

to healthy controls (41). Independent of cachexia, other studies

have demonstrated that patients with non-central nervous system

(CNS) cancers can exhibit brain abnormalities, including a

reduction in gray matter volume (42, 43). For instance, studies

with T1-weighted and diffusion tensor MRI imaging have

demonstrated that lung cancer patients exhibit reduced gray

matter density and white matter density compared to healthy

controls (42). Similarly, investigations into breast cancer patients

before chemotherapy revealed reduced white matter volume and

total brain volume compared to healthy controls (43). These clinical

studies suggest that cancers can cause abnormalities in brain

volume, even in the absence of cachexia.
FIGURE 4

Hemodynamic parameters and heat map. Representative brain images depicting hemodynamic parameters, including Hb, HbO2, total Hb, and
sO2

MSOT, under air and oxygen breathing conditions in (A) NTB, (B) Panc1 tumor-bearing mice, and (C) Pa04C tumor-bearing mice. (D) Heat map of
Hb, HbO2, and total Hb under air and oxygen respiratory gas, with values normalized to the highest value in each dataset for each parameter and set
to 1. The black areas in the sO2 maps in (A-C) represent regions where the signal was insufficient for the algorithm to compute the sO2.
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The response to the oxygen breathing challenge was clearly

compromised in Pa04C tumor-bearing cachectic mice compared to

NTB normal mice and Panc1 tumor-bearing non-cachectic mice.

Data from previous studies suggests that static optoacoustic

biomarkers, such as sO2
MSOT(O2) and sO2

MSOT(Air), display

minimal correlation with perfusion or hypoxia (39), whereas
Frontiers in Oncology 08
DsO2
MSOT obtained with OE-MSOT is closely associated with

perfusion and hypoxia (38). This inability to of the brain

vasculature to increase oxygenation in response to oxygen

breathing may have been caused by the reduction of RBCs as

anemia is frequently observed in PDAC cachexia (24, 25). Reduced

RBCs can result in a limited ability to increase vascular oxygenation
FIGURE 5

Oxygen-enhanced optoacoustic tomography (OE-MSOT) signal. Kinetic curves displaying the mean sO2
MSOT values obtained from the intact brains

of living mice in NTB (n=5), Pa04C (n=5), and Panc1 (n=4) groups during a 100% oxygen gas challenge. The OE-MSOT signals for NTB mice are
depicted by blue curves, Panc1 tumor-bearing mice by green curves, and Pa04C tumor-bearing cachectic mice by red curves. A substantial
reduction in DSO2^MSOT was observed in the OE-MSOT kinetic curves of the brains in cachectic Pa04C tumor-bearing mice compared to both
NTB and Panc1 tumor-bearing mice.
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in response to oxygen breathing. Chronic inflammation, a

characteristic of cancer, disrupts the normal homeostasis of iron

distribution and utilization that negatively impacts erythropoiesis in

the spleen (44). The spleen is a major reservoir for RBCs (45), and a
Frontiers in Oncology 09
major storage site for iron. Cachexia-mediated splenic effects may

contribute to RBC reduction.

Inflammatory cytokines, including tumor necrosis factor-alpha

(TNF-alpha) and interleukins, are often elevated in cachectic

individuals (46, 47). We found that the glucocorticoid response

element was switched on in the muscle of Pa04C tumor-bearing mice

suggesting an elevation of glucocorticoids (18). These cytokines can

exert detrimental effects on the vascular system, potentially leading

to compromised blood flow and oxygen supply to the brain. In a

previous study, a correlation was found between cancer cachexia and

neuroinflammatory changes in the brains of Wistar rats with intra-

abdominal fibrosarcoma (48). In another study, inflammatory

transcripts primarily comprised of chemokines were found to be

upregulated in the central nervous system during the growth of

PDAC (49). Inflammatory cytokines can cause vascular dysfunction

and vascular disease (50). Furthermore, increased brain infiltration

of neutrophils has been observed in a mouse model of PDAC (49).

The accumulation of infiltrating neutrophils in the brain has been

associated with the dysfunction of central nervous system barriers

and the stalling of capillary blood flow, resulting in reduced blood

perfusion to associated brain regions (51–53).

In our study, no significant correlation was observed between

brain volume and brain oxygenation. Brain volume reduction in

cachexia was likely multifactorial, involving neuroinflammation and

metabolic alterations that occurred over a period of time. Oxygen
FIGURE 6

Quantitation of DO2
MSOT. Summary of brain DO2

MSOT for NTB and
Panc1 and Pa04C tumor-bearing mice. Each data point represents
the individual DO2

MSOT value for each mouse within each group. The
reduction in DO2

MSOT is evident in Pa04C tumor-bearing mice
compared to NTB and Panc1 tumor-bearing mice. Statistical
analyses were performed using one-way ANOVA followed by Holm-
Sidak’s multiple comparisons test. *denotes statistical significance
with p < 0.05. Values represent Mean +/- SD.
GURE 7FI

CD31 staining of brain sections. Representative 40X images of brain sections from (A) NTB mice, (B) Panc1 tumor-bearing mice, and (C) Pa04C
tumor-bearing mice stained for the endothelial marker CD31. (D) Quantification of area occupied by CD31 positive pixels normalized to the total
area in NTB (n= 3, blue), Panc1 (n=3, green) and Pa04C (n=3, red) mice. Statistical analyses were performed using one-way ANOVA followed by
Fisher’s LSD multiple comparisons test. *denotes statistical significance with p < 0.05. Values represent Mean +/- SEM.
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saturation levels primarily reflected cerebral vascular function and

hemodynamics at the time of imaging. While both parameters may

be influenced by systemic changes associated with cachexia, their

temporal dynamics and underlying mechanisms may be different.

A significant increase in the percent CD31-positive fractional area

in the brains of Pa04C tumor-bearing mice compared to NTB normal

mice was identified. In contrast, no significant differences in CD31

expression were observed between Panc1 tumor-bearing mice and

NTB normal mice, indicating that the increased CD31 expression is

likely specific to cachexia-related changes rather than tumor presence

alone. Increased expression of CD31, a marker of endothelial cell

activity and leukocyte transmigration (54, 55) in the brains of cachectic

mice may have been caused by cachexia mediated neuroinflammation

(56–59). The contribution of increased CD31 to the hemodynamic

changes observed here remains to be determined in future studies.

One limitation of our study is the relatively small sample size.

Another limitation is that although we observed weight loss, and

previously confirmed activation of the MuRF1 promoter in the

Pa04Cmodel, we did not directly measure skeletal muscle mass loss.

Incorporating such measurements in future studies to relate to

changes in brain hemodynamics would provide a more

comprehensive understanding of cachexia.

In conclusion, our data revealed a significant reduction in the

brain vasculature response to oxygen breathing in a cachexia

inducing PDAC xenograft, identifying a new mechanism that

may contribute to cachexia-induced morbidity. Improving brain

oxygenation may assist with reducing morbidity.
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