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Abstract: Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver
diseases closely associated with the metabolic system, including obesity and type 2 diabetes.
The progression of NAFLD with advanced fibrosis is associated with an increased risk of liver
cirrhosis and cancer as well as various extra-hepatic diseases. Yet, the underlying mechanism
is not fully understood partly due to the absence of effective high-resolution in vivo imaging
methods and the appropriate animal models recapitulating the pathology of NAFLD. To improve
our understanding about complex pathophysiology of NAFLD, the need for an advanced imaging
methodology to visualize and quantify subcellular-level features of NAFLD in vivo over time is
ever-increasing. In this study, we established an advanced in vivo two-photon imaging technique
to visualize and quantify subcellular-level pathological features of NAFLD in a live mouse animal
developing hepatic steatosis, fibrosis, and disrupted microvasculature.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), a disease entity characterized by the accumulation
of triglycerides within hepatocytes, is one of the most common chronic liver diseases in the
world [1,2]. The underlying mechanism of this accumulation is not fully understood, but strongly
associated with metabolic syndrome consisting of obesity [3] and type 2 diabetes [4]. NAFLD
progression with the development of advanced fibrosis is associated with increased risk of
liver cirrhosis and cancer as well as extra-hepatic diseases such as cardiovascular diseases
and mortality [5,6]. The gold standard for diagnosing NAFLD is liver biopsy [7,8] despite
potential complications such as bleeding and pain. Recent guidelines have recommended
alternative magnetic resonance imaging or ultrasound scanning [9], though they are not capable
of quantitative cellular-level assessment of NAFLD. For large-scale screening test, scoring
systems derived from serum biomarkers are preferred due to the accessibility and additional cost
of imaging studies [10,11]. Nevertheless, unfortunately, their performance does not reach the
accuracy of liver biopsy.

To improve our understanding about complex pathophysiology of NAFLD, needs for an
advanced imaging methodology to visualize and quantify subcellular-level features of NAFLD is
ever-increasing. Intravital two-photon microscopy has been recognized as an advanced in vivo
high-resolution imaging method to visualize dynamic biological phenomena in various tissues of
live animal model [12,13]. Especially, two-photon excitation fluorescence (TPEF) and second
harmonic generation (SHG) imaging can enable an in vivo visualization of collagen [14] and
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subcellular compartments in microscopic resolution comparable to conventional histological
observation of harvested ex vivo tissue.

Herein, we achieved an in vivo 3D subcellular-level visualization of hepatocellular steatosis
and fibrosis in the liver of streptozotocin (STZ)-treated high-fat diet (HFD) fed mice using a
custom-built intravital two-photon microscope. To fully induce hepatic steatosis with advanced
fibrosis, a chronic condition with the result of long-term liver injury due to inflammation and
microenvironmental stress including metabolic stress by excessive fat, the mice were fed the
high-fat diet for 27 weeks [15–17]. Histologic hallmarks of NAFLD [18,19], the accumulation
of hepatic lipid droplets (LDs) in hepatocytes, collagen fibers in perisinusoidal region, and the
disruption of microvasculature were clearly visualized in subcellular level and quantified in vivo.

2. Methods

2.1. Animal model

All mice were maintained in independently ventilated, temperature & humidity-controlled cages
(22.5 °C, 52.5%) under 12:12 hours light:dark cycle and provided with standard diet and water
ad libitum. Insulin deficiency was induced in male C57BL/6 mice (OrientBio, Korea) by a
single high dose (150 mg/kg body weight in 0.1M citrate buffer) intraperitoneal injection of
streptozotocin (S0130, Sigma) at 6 weeks of age. One week later after the STZ injection,
mice were fed with high-fat diet (Envigo, USA) for 27 weeks. As a control, mice received
intraperitoneal injection of equal volume of 0.1M citrate buffer (C0759, Sigma) were fed with
normal diet for the same period. STZ injection-induced hyperglycemia was monitored by
measuring a fasting blood glucose level after 8hr fasting. Statistically significant increases in the
fasting blood glucose (>300 mg/dL, hyperglycemia) and weight gain in STZ-treated high-fat
diet mice compared to non-diabetic control mice were confirmed. All animal experiments were
performed in accordance with the health guidelines for the use of experimental animals and were
approved by the Institutional Animal Care and Use Committee (IACUC) of Korea Advanced
Institute of Science and Technology (protocol no. KA-2018-78). All surgical procedures were
performed under anesthesia, and all efforts were made to minimize the suffering of the animals.

2.2. Imaging system

A previously described custom-built laser-scanning two-photon microscopy system was used
[20]. A tunable fs-pulse Ti:Sapphire laser (Chameleon Vison S, Coherent, USA) was used as
a laser source for two-photon excitation. Half-wave plate combined with polarizer were used
to control the laser intensity. Raster-pattern laser-scanning was achieved by using a rotating
polygonal mirror (MC-5, Lincoln Laser, Canada) for x-axis scanning and a galvanomirror (6230H,
Cambridge Technology, USA) for y-axis scanning as previously described [21–26]. The scanning
laser beam was delivered to the liver of anesthetized mouse through commercial high numerical
aperture objective lens (CFI75ApoLWD25XW, NA 1.1, Nikon, Japan). Fluorescence signals were
collected by the objective lens in epi-detection manner and reflected by dichroic beam splitters
(DBS1; FF705-Di01, Semrock, USA) toward fluorescence detectors (PMT: photomultiplier tube,
R7518, Hamamatsu, Japan). Shortpass filter (SPF; FF720/SP, Semrock, USA) was used to block
the excitation fs-pulse laser. For simultaneous multi-color imaging, the collected fluorescence
signals were further spectrally separated by dichroic beam splitters (DBS2; FF495-Di03, DBS3;
FF555-Di02, Semrock, USA) and then filtered by bandpass filters (BPF1; FF01-445/20, BPF2;
FF01-525/45, BPF3; FF01-585/40, Semrock, USA). Electronic signals from the PMTs were
acquired by using multi-channel frame grabber (Solios, Matrox, Canada) with a custom-written
software based on Matrox Imaging Library (MIL10, Matrox, Canada).
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2.3. Intravital liver imaging

Mice were anesthetized with intraperitoneal injection of the mixture of Zoletil (20 mg/kg) and
Xylazine (11 mg/kg). After the anesthetization, abdominal hair was removed by using hair
clipper and hair removal cream. Small incision with size of 10 mm was made on skin and
peritoneum. Then the left lobe of liver was carefully exposed. The cover glass attached with
a silicone rubber heater and mini-probe thermometer was placed on the exteriorized liver to
monitor and maintain the temperature of local liver tissue constant at 36 °C during the intravital
imaging. Additionally, a commercial homeothermic heating pad (RightTemp Jr., Kent Scientific,
USA) was used to maintain the body temperature at 36 °C during the intravital imaging. A wet
gauze soaked with warmed saline was placed between the liver and adjacent tissue to reduce
motion artifacts. To avoid dehydration of the surface of the exteriorized liver, warmed saline
was continuously supplied to the gauze during the imaging. During the intravital imaging, the
level of anesthetization was periodically monitored by pinching the toe. When the movement
was observed, the half of the initial dose of Zoletil and Xylazine mixture was administered by
intramuscular injection. The fs-pulse Ti:Sapphire laser was tuned to a wavelength of 900 nm
with 46.3 mW under the objective lens for simultaneous two-photon excitation fluorescence
(TPEF) imaging of hepatic LDs and label-free second harmonic generation (SHG) imaging of
collagen. Hepatic LDs were fluorescently labeled in vivo by intravenous injection of SF44 (120
µl of 1.67 mM; SPARK Biopharma, Korea) at 30 minutes before the imaging. Liver sinusoidal
vessels were fluorescently labeled in vivo by intravenous injection of anti-CD31 monoclonal
antibody conjugates (553370, BD Bioscience). Images were acquired with a high numerical
aperture water immersion objection lens (CFI75 Apochromat 25XC W, NA 1.1, Nikon, Japan)
providing FOV of 443× 443 µm with 1024× 1024 pixels in image and pixel size of 0.433 µm.
TPEF and SHG signals were detected through bandpass filters at 565-605nm and 435-455nm,
respectively. To perform subcellular quantification of the hepatic LDs accumulation and collagen
fibers deposition, z-stack images with thickness of 40 µm with 2 µm interval were obtained. The
z-stack images were acquired at more than 10 randomly selected spots in the liver. Each image
was obtained by averaging 45 frames acquired at the speed of 15 frames per second (fps) for 3
seconds.

2.4. Imaging analysis and statistical analysis

Acquired z-stack images were converted to 3D-rendered volume images for a quantitative analysis
of hepatic LDs and collagen fibers by using commercial image analysis software, IMARIS
(Oxford Instruments, UK). Acquisition of all images was performed in same imaging condition
with same laser power and objective lens. By using the ‘Surface’ function of the IMARIS, the
volume occupied by hepatic LDs and collagen fibers in the imaging volume were automatically
detected and measured. To measure hepatic LDs or collagen fiber volume, we set the voxel size
in X, Y and Z axes to match the actual size of the acquired images. Voxel sizes of X and Y can be
determined by the field of view of image. The field of view of all images was 443× 443 µm and
the number of pixels of 1024× 1024 pixels, resulting in the pixel size of 0.433 µm. The setting
values of a voxel size in both X and Y axes were set to 0.433 µm. And the setting value of a voxel
size in Z axis was set to 2 µm because the z-stack images were obtained with 2 µm interval. After
the adjustment of geometrical settings for the voxel, we automatically quantified the volume of
hepatic LDs and collagen fibers. Due to differences in the fluorescence signals from hepatic LDs
and collagen fibers, we used different parameters in two cases. To create surfaces of LD signals,
we selected red color. To distinguish each lipid droplet from neighboring other lipid droplets, we
set the Diameter of Largest Sphere and the Surface Area Detailed Level to 3 µm and 0.3 µm,
respectively. The manual setting of the low and high threshold was adjusted to precisely detect
LD signals with minimal background signal. The setting values of low and high threshold were
set to 41 and 226.8, respectively. To create surfaces of collagen fiber, we selected green color
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with the same setting values of the Diameter of Largest Sphere and the Surface Area Detailed
Level, 2 µm and 0.2 µm, respectively. The values of low and high threshold were set to 25.6 and
205.3, respectively. We validated that when we applied these parameters to all z-stack images
obtained from different mice, the surfaces of LD or collagen signals were clearly created. Then,
the automatically measured values of hepatic LD or collagen fiber volume and the total imaging
volume were exported for quantification analysis. The volumetric ratios occupied by hepatic LDs
and collagen were calculated by dividing the total volume of hepatic LDs and collagen fibers

Fig. 1. Intravital two-photon imaging of the liver of diabetic NAFLD mouse model.
(a) Schematic of custom-built video-rate laser scanning two-photon microscopy system. (b)
Experimental scheme for induction of diabetic mouse model with NAFLD and intravital
liver imaging. (c-d) Body weight, fasting blood glucose of STZ-treated high-fat diet fed
mouse (STZ+HFD) and normal diet fed mouse (ND). (e) Representative 3-dimensionally
reconstructed image of hepatic lipid droplets (LDs, red) and collagen (green). Scale bars,
100µm. Data are presented as mean± SD of mean. Statistical significance was set at p-value
less than 0.05.
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with the total imaging volume. The diameter of individual hepatic LDs was measured by using
Image J (NIH, USA) [27]. To quantify vessel area and length, sinusoidal microvasculature was
automatically identified by using AngioTool (NIH, USA). Statistical analysis was performed by
using Origin (OriginLab, USA). Data are presented as mean± SD. 3 mice were analyzed for each
experimental group. Statistical differences were determined by two-tailed unpaired Student’s
t-test. Statistical significance was set at p-value less than 0.05.

3. Results

To visualize the hepatic lipid droplets and fibrous collagen in the liver in vivo, a previously
described custom-built laser-scanning two-photon microscopy system was used [20] (Fig. 1(a)).
As a diabetic animal model with NAFLD, mice treated with a high dose of streptozotocin (STZ) at
6 weeks of age were subsequently fed a high-fat diet for 27 weeks, manifesting an excessive gain
of body weight and elevated level of fasting blood glucose (Fig. 1(b-d)). Using the two-photon

Fig. 2. Subcellular-level intravital two-photon imaging and quantification of hepatic
LDs and collagen fiber. (a) Representative magnified 3-dimensionally reconstructed
images showing subcellular level features, accumulation of hepatic LDs (red, arrowhead) and
perisinusoidal collagen (green, arrow), in the liver of STZ-treated high-fat diet fed mouse
(STZ+HFD), only high-fat diet fed mouse (HFD) and normal diet fed mouse (ND). Scale
bars, 20 µm. (b-d) Average LD diameter, 3D volumetric proportion occupied by hepatic LD
and collagen in the total imaging volume (n=3). Data are presented as mean± SD of mean.
Statistical significance was set at p-value less than 0.05.
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intravital microscopy system, a subcellular-level in vivo 3D visualization of hepatic LDs in
hepatocytes and perisinusoidal collagen in the liver of live anesthetized mouse model for NAFLD
with diabetes was successfully achieved (Fig. 1(e)). Accumulation of large spherical-shaped
hepatic LDs fluorescently labeled by intravenous injection of lipid droplet specific fluorophore,
SF44 [28–30], hepatic steatosis, were clearly imaged in vivo. Additionally, significant fibrotic
collagen deposition in the liver stroma, liver fibrosis, was successfully visualized by label-free
second harmonic generation (SHG) imaging [13]. Notably, the image of hepatic LDs and collagen
fibers were simultaneously captured with the single wavelength two-photon excitation at 900nm.

In the magnified 3D rendered images, distinctive subcellular level histopathological features
of advanced NAFLD such as accumulation of macrovesicular LDs (Fig. 2(a), arrowheads) in
hepatocytes and perisinusoidal deposition of collagen fibers (Fig. 2(a), arrows) were clearly
identifiable. Furthermore, we could precisely quantify the mean diameter of hepatic LDs and
volumetric proportions occupied by hepatic LDs and collagen fibers in the total imaging volume
(Fig. 2(b-d)) (mouse, n=3). In the liver of STZ-treated HFD fed mice, greatly enlarged hepatic
LDs with diameter around 6 µm (average diameter= 6.38± 2.65 µm) were observed. The
volumetric proportion occupied by hepatic LDs in the total imaging volume was significantly
increased to 3.05% more than 10 times in comparison to that of the normal diet, 0.17%, suggesting
severe steatosis. The volumetric ratio occupied by collagen fiber was significantly elevated to
2.28% more than 10 times in comparison to that of the normal diet, 0.06%, indicating fibrosis.
Interestingly, in the liver of only HFD fed mice without STZ treatment for the same period of 27
weeks, the similar level of volumetric proportion increases in LDs (2.29%) but with much smaller
diameter (mean diameter= 2.80± 0.45 µm) was observed, suggesting slightly lesser degree of

Fig. 3. Fibrous septa formation in the liver of diabetic NAFLD mouse model. Repre-
sentative images showing interlobular collagen fiber septa formation (arrowhead) in all of
the STZ-treated HFD fed mice (n=3). Scale bars, 50 µm.
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Fig. 4. Structural distortion of sinusoidal microvasculature in the liver of diabetic
NAFLD mouse model. (a) Representative images of sinusoidal vessels (red) and automatic
identification of vessels in the liver STZ-treated high-fat diet fed mouse (STZ+HFD) and
normal diet fed mouse (ND) (n=3). Scale bars, 100 µm. (b) Quantification of vessel area
and length. Data are presented as mean±SE of mean. Statistical significance was set at
p-value less than 0.05.

steatosis. Furthermore, only marginal increase in the volumetric proportion of collagen fiber
(0.38%) was observed, suggesting no fibrosis development. Finally, in the liver of mice fed a
normal diet (ND), only a few very small LDs with diameter smaller than 1 µm and minimal level
of stromal collagen fiber were observed. Additionally, in human NAFLD patient, the pathological
hallmark of the advanced stage of fibrosis is the formation of fibrous septa composed of parallel
arrays of collagen fibers in the liver. Notably, in all of the STZ-treated HFD fed mice (n=3),
septa formation with thick and parallel arrays of collagen fibers was clearly visualized by SHG
imaging (Fig. 3).

Additionally, the liver sinusoidal microvasculature was successfully visualized in vivo by
fluorescent labeling of endothelial cells with intravenous injection of anti-CD31 antibody
conjugates (Fig. 4). Compared to the uniformly distributed dense sinusoidal vessels in the liver of
mice fed a normal diet (ND), severe distortions such as rarefaction and dilation in the sinusoidal
vessels were clearly observed in the liver of STZ-treated HFD fed mice. Both of vessel area and
length were significantly decreased more than 30% in comparison to those values in the ND fed
mice.

4. Discussion

NAFLD represents the liver manifestation of metabolic syndrome and strongly associated with
obesity and type 2 diabetes [4,5]. Insulin resistance is the common pathophysiologic mechanism of
these conditions [30–32]. However, the effect of insulin deficiency on this ectopic fat accumulating
condition is not fully uncovered yet. Our result of significantly increased hepatic LD diameter
and perisinusoidal collagen deposition by STZ treatment in HFD-fed mice suggests insulin
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deficiency can be a strong driving factor aggravating NAFLD (Fig. 2). In addition to common
retrospective clinical studies, a prospective study utilizing a preclinical animal model combined
with direct longitudinal intravital imaging for subcellular-level visualization of pathophysiological
features would be valuable approach to improve our currently limited understanding about the
underlying mechanism in the development of NAFLD associated with insulin deficiency other
than resistance. Several intravital two-photon imaging studies have been successfully performed
with preclinical animal model to investigate dynamic pathological phenomenon such as hepatic
lymphocyte migration with experimental liver injury or impaired hepatobiliary metabolism with
liver fibrosis [33,34]. Utilization of surgically implantable abdominal imaging chamber [35–38]
can facilitate an effective long-term longitudinal observation in the same area of liver developing
NAFLD with reduced number of required animals. Notably, recent advances of various optical
imaging system with different modalities can further expand the scope of obtainable information
[38]. Label-free imaging modalities including coherent anti-Stokes Raman scattering (CARS)
microscopy [39], third-harmonics generation microscopy [40], autofluorescence three-photon
excitation microscopy [41] and two-photon autofluorescence lifetime microscopy [42–44] can be
used to visualize lipids and metabolism in biological tissues with minimal risk of interfering
liver physiology potentially caused by exogenous fluorophore injection for the staining of cellular
components. Despite a caveat, the utilization of exogenous fluorophore to label LDs in vivo can
readily achieve high sensitivity and high signal to background ratio in the visualization of hepatic
LDs. Furthermore, the SF44 used in this work to label LDs was rapidly washed out from the
liver within 4 hours with negligible toxicity [21]. Other label-free imaging techniques including
optical coherence tomography angiography (OCTA) [45–47], ultrasonography combined with
photoacoustic tomography (PAT) imaging [48] and magnetic resonance (MR) imaging [9,49]
can provide additional information about vascular functions, lipid accumulation and degree of
fibrosis in the liver in a minimally or noninvasive manner although the imaging resolution is
relatively low not enough for cellular-level analysis.

In this study, we successfully achieved a subcellular-level in vivo visualization of hepatic
microenvironment in the liver of anesthetized streptozotocin (STZ)-treated diabetic mice fed HFD
for 27 weeks. Extensive lipid accumulation in hepatocytes accompanied with fibrotic collagen
deposition in insulin deficient condition with HFD was observed by intravenously injected LD-
specific fluorophore, SF44, and second harmonic generation signal, respectively. Pathological
features of hepatocellular steatosis and fibrosis such as accumulation of macrovesicular LD in
hepatocyte, perisinusoidal collagen deposition, septa formation and severely distorted sinusoidal
vasculature were clearly imaged in vivo and quantified with 3-dimensional Z-stack imaging data.
The established intravital two-photon imaging method to visualize and quantify subcellular-level
LDs, collagen, and vasculature in the liver of live animal model can be a valuable tool to analyze
a highly complex pathophysiology of NAFLD with diabetes mellitus and to assess the efficacy of
novel treatment strategies to intervene the progression of NAFLD in preclinical studies.
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