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Introduction: The rat model of 70 % partial hepatectomy (PH) is commonly used to investigate liver regeneration
processes. The aim of this study was to explore the dynamics of hepatic lipid accumulation and its correlation
with the proliferation response during the entire regeneration phase after 70 % PH in rats.

Methods: Sixty-four rats underwent 70 % PH and were randomly divided into eight groups for evaluation on post-
operative day (POD) 1 to 8. Hepatocyte volume, relative lipid content, and lipid volume per hepatocyte were
assessed by stereological analysis.

Results: Lipid volume per hepatocyte reached its peak on POD 1 and POD 2, with mean values of 2895 pm? (95
% CI: 1756-4034 pm®) and 3090 pm® (95 % CI: 2277-3903 pm°), respectively. A marked decline was observed
by POD 4, with a mean of 1323 pm?® (95 % CI: 985-1741 pm®), which continued through POD 5, reaching 619
pm3 (95 % CI: 136-1102 pm3). From POD 5 onwards, lipid volume remained consistently low, with no significant
differences detected between POD 5 and POD 8.

Conclusion: Lipid accumulation and proliferation peak and decline concurrently, suggesting a strong correlation.

Introduction

Partial hepatectomy (PH) is the gold standard for treating both pri-
mary and secondary liver malignancies. In healthy livers, up to 70 % of
the parenchyma can be resected without compromising the liver's ability
to maintain body homeostasis [1]. This is facilitated by its unique
regenerative capacity and substantial metabolic reserves. To improve
outcomes following PH, a deeper understanding of the mechanisms
underlying liver regeneration is important. Such knowledge could lead
to the development of novel treatment strategies aimed at optimizing
conditions for liver regeneration, potentially increasing the number of
patients eligible for surgical treatment.

It has been suggested that transient post-PH steatosis may play a
crucial role in facilitating successful liver regeneration, potentially by

providing lipids as essential building blocks, energy sources, and sig-
nalling molecules required for the initiation of cell proliferation [2-7].
However, the precise relationship between lipid accumulation and he-
patocyte proliferation during liver regeneration remains insufficiently
elucidated. Moreover, the dynamics of lipid accumulation and correla-
tion to proliferation throughout the entire liver regeneration process,
from PH to complete liver volume restoration, remains inadequately
investigated. A comprehensive understanding of these dynamic changes
is essential, as distinct phases of regeneration may offer opportunities
for targeted interventions aimed at optimizing liver recovery and
improving therapeutic strategies.

We have previously investigated the proliferation response following
70 % PH in rodents [8]. Since the rat liver regenerates within 7-8 days
after 70 % PHZ, our experiment was designed to cover this timeframe. In
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this study, we aimed to examine the progression of hepatic steatosis
during liver regeneration, enabling a direct comparison between hepa-
tocyte proliferation and lipid accumulation. Furthermore, we sought to
identify specific time points within this surgical model that could serve
as potential targets for future research focused on evaluating metabolic
interventions to enhance liver regeneration.

Methods
Ethical approval

The experiment was performed under the approval of the Danish
Animal Research Committee, Copenhagen, Denmark, under the license
number 2009/561-1752, and in accordance with the “Guide for the
Care and Use of Laboratory Animals” published by the National In-
stitutes of Health, USA. The experiment is reported according to the
ARRIVE guidelines [9]. All animals were housed in standard cages at a
temperature of 23 °C, with unlimited supply of food and water, and an
artificial 12-h light-dark cycle.

Experimental design

Sixty-four rats were subjected to 70 % PH. The surgical and anaes-
thetic procedures have previously been described in detail [8]. In brief,
the 70 % PH was performed by resection of the left lateral lobe and
median lobe of the liver, leaving the right superior lobe, right inferior
lobe, anterior caudate lobe, and posterior caudate lobe intact.

Following surgery, animals were block-randomized for evaluation on
post-operative day (POD) 1 to 8. Five animals were euthanized prior to
evaluation; one due to suture gnawing, one to ileus, and three to un-
determined causes. To maintain a total of eight animals per group, five
additional animals were subjected to PH. At euthanisation, the liver
remnant was removed for further analysis.

In our initial investigation, we compared animals regarding prolif-
erating hepatocytes by quantifying Ki-67 expression on each POD [8]. In
the current study, liver tissue from the same cohort of animals was
analysed to determine lipid accumulation in the regenerating livers. This
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approach enabled a comparative analysis between Ki-67 levels and lipid
accumulation.

Stereology

The anterior caudate lobe was prepared for stereological analysis
following a previously published in-house protocol [8]. Stereological
analyses were conducted using an Olympus BX50 microscope with a
motorized stage (Marzhauser Wetzlar MFD, Wetzlar, Germany) and a
digital camara (Olympus DP73, Olympus, Tokyo, Japan) connected to a
computer running newCAST version 2020.01.4.8088 software (Visio-
pharm, Hgrsholm, Denmark).

All analyses were performed by an investigator who was blinded to
the POD group from which the tissues samples were derived. For each
animal, two 2 pm thick sections were analysed, with an average of 20
systematically, uniformly, and randomly selected fields of view per
section. To estimate the relative lipid content per hepatocyte, a 6 x 4
point grid with green and blue test points was used (Fig. 1A). Each test
point, whether blue and green, that intersected with a lipid droplet was
counted as lipid, while each blue test intersecting with a hepatocyte was
counted as a hepatocyte. Lipid droplets were defined as clear vacuoles
[10], validated by electron microscopy (Fig. 1B and C).

To estimate the relative lipid content per hepatocyte, the following
formula was used:

. P(lipid
V,(lipid per hepatocyte) = %

where > P(lipid) represents the sum of test point intersecting with a
lipid droplet, and  P(hepatocyte) represents the sum of the blue test
points intersecting with a hepatocyte.

The relative lipid content within hepatocytes was estimated using a
point grid marked with green and blue test points (Fig. 1A). Each test
point intersecting with a lipid droplet was counted as lipid, while only
the blue test points intersecting with a hepatocyte were counted as such.

To estimate the volume of lipid per hepatocyte, the individual he-
patocyte volume was first determined using the 3D isotropic nucleator

Fig. 1. Lipid accumulation visualized by light microscopy and transmission electron microscopy. (A) Liver section from a POD 1 animal. Ki-67 and hema-
toxylin staining. Lipid droplets are represented by clear vacuoles (black arrows). (B) Electron microscopy image of a hepatocyte from a POD 1 animal with huge lipid
droplets (*) surrounded by mitochondria (green arrow). (C) Electron microscopy image of a hepatocyte from a POD 8 animal with mitochondria (green arrows) but
no lipid droplets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 1A) [11,12]. The nucleator probe was applied to two randomly
sampled hepatocytes per fields of view, using 40 fields of view per an-
imal. Two systematic and random test lines intersecting the hepatocyte
nucleus were generated. The points of interception between the test
lines and the cell boundary were marked. The software subsequently
calculates the cell volume based on the distances along these test lines.

The following formula was used to calculate the volume of lipid per
hepatocyte:

V(lipid in hepatocyte) = V,(lipid per hepatocyte)-V(hepatocyte)

where V(hepatocyte) represents the mean hepatocyte volume.

Transmission electron microscopy

Cubes from the fixed posterior lobe (2 mms) were processed and
embedded in resin using the Standard TAAB 812 Resin Kit (TAAB Lab-
oratory Equipment Ltd., Berks, UK), following standard protocols for
transmission electron microscopy. Ultrathin sections were prepared
with an ultramicrotome (Leica Microsystems, Wetzlar, Germany), and
transmission electron microscopy images were captured with a JEM-
1010 electron microscope (JEOL Ltd., Akishima, Tokyo, Japan) equip-
ped with an Orius SC1000 CCD digital camera (Gatan, Inc., Pleasanton,
CA, USA).

Statistical analysis

The data was tested for normality using histograms and QQ-plots. If
normality was violated, the data was log-transformed prior to analysis
and then back transformed. Comparisons across all groups were con-
ducted using the analysis of variance, while unpaired t-tests were used
for direct comparisons between two groups. Parametric data are pre-
sented as mean values, while non-parametric data are expressed as
medians. All data are presented with 95 % confidence intervals (CIs).
Statistical significance was determined by p-values with a significance
threshold at p-values <5 % and by overlapping CIs. Statistical analysis
was performed using Stata 17.0 (StataCorp, College Station, TX, U.S).

Results

The median relative lipid content per hepatocyte and mean hepa-
tocyte volume across all POD groups are summarized in Table 1.

The lipid volume per hepatocyte peaked on POD 1 and POD 2 with
means of 2895 um?> (95 % CI: 1756 pm>-4034 pm®) and 3090 pm® (95 %
CL: 2277 pm®-3903 pm®), respectively (Fig. 2). A non-significant
reduction was observed on POD 3, with a mean of 2288 urn3 (95 % CI:
1980 pm®-2595 pm®). By POD 4, the decline became significant
compared to POD 2 and POD 3, reaching a mean of 1323 pm? (95 % CI:
985 pm°>-1741 pm?). This downward trend persisted through to POD 5,
with a mean of 619 pm3 (95 % CI: 136 prn3—1102 pmg). From POD 5, the
lipid volume per hepatocyte remained low, with no significant differ-
ences observed between the groups.

Table 1
Hepatocyte morphology. Median relative hepatocyte lipid content and mean
hepatocyte volume, each presented with their respective 95 % ClIs.

Relative hepatocyte lipid content (%) Hepatocyte volume (um®)

POD 1 46 (32-66) 6663 (5607-7719)
POD 2 49 (37-64) 6575 (5902-7247)
POD 3 34 (29-40) 6910 (6452-7369)
POD 4 23 (16-31) 6422 (5742-7102)
POD 5 6 (2-14) 5488 (4693-6283)
POD 6 6 (3—-10) 5482 (4705-6260)
POD 7 7 (4-10) 5356 (4564-6149)
POD 8 10 (5-17) 5517 (4421-6613)
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Fig. 2. Lipid volume per hepatocyte. Each dot represents one animal. The
median in each group is illustrated by a black line.

Discussion

In this study, stereological quantifications were employed to
examine the dynamics of lipid accumulation throughout the entire liver
regeneration phase following 70 % PH in rats. Additionally, we explored
the correlation between hepatic lipid accumulation and hepatocyte
proliferation during liver regeneration. We observed that lipid accu-
mulation peaked at POD 1 and POD 2, followed by a significant decrease
by POD 4. This decline persisted through POD 5, after which lipid levels
remained low for the remainder of the experiment.

In our previous experiment, we found that hepatocyte proliferation
peaked between POD 1-3, declined by POD 4, and returned to baseline
levels, with near no proliferation, by POD 5 [8]. Our current findings on
lipid accumulation dynamics align closely with our previous observa-
tions on hepatocyte proliferation. The parallel pattern suggests a po-
tential relationship between lipid accumulation and hepatocyte
proliferation during the entire liver regeneration period, where the peak
in lipid accumulation coincide with the peak in hepatocyte proliferation,
and the subsequent decline in lipid accumulation mirrors the reduction
in proliferative activity. These findings support the idea that lipid
availability could be closely linked to the regenerative process of the
liver, as suggested by other [3-5,7,13].

Nevertheless, there are some discrepancies in the evidence, as some
studies report a correlation between the extent of lipid accumulation
and hepatocyte proliferation, while others do not observe the same
relationship [14,15]. These discrepancies, however, might in part be
explained by studies investigating preoperative steatosis rather than
postoperative steatosis, which are different conditions.

Research in rodents have indicated that enhancing the lipid meta-
bolism or lipid uptake in hepatocytes following PH improves liver
regeneration [16]. Thus, this approach might be a promising treatment
strategy in the future to reduce the risk of post-hepatectomy liver failure
or to make more patients eligible for surgery.

A key strength of our study lies in the application of stereological
methods, which offer precise, randomized, and unbiased estimates of
lipid volume per hepatocyte, effectively avoiding the risk of the refer-
ence trap [11,12]. Notably, while hepatocyte volume was measured to
ensure the most accurate assessment of relative lipid content per hepa-
tocyte, it was not employed as a surrogate for hepatocyte proliferation,
which was directly evaluated using Ki-67 antibody in our prior study
[8]. Hepatocyte volume was considered due to the potential size fluc-
tuations that hepatocytes undergo during liver regeneration. By ac-
counting for this variability, we ensured a more accurate quantification
of lipid content per hepatocyte. Furthermore, the randomization of rats
into the respective POD groups was implemented to minimize potential
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bias arising from litter-related variability.

One potential limitation of our study is the lack of direct lipid
staining, such as the Oil Red O, which might have led to an underesti-
mation of lipid droplets. Nevertheless, our hematoxylin-based lipid as-
sessments were validated using electron microscopy (Fig. 1B), and the
approach was deemed sufficient for our study. Another challenge was
the absence of specific staining techniques, such as the p-catenin stain-
ing, which marks the cell membranes and aids in precisely visualizing
cell boundaries for accurate hepatocyte volume measurements. Despite
this, Fig. 1A illustrated that cell boundaries were sufficiently discernible,
rendering our approach suitable for the analyses conducted.

In conclusion, our findings demonstrate that hepatocyte lipid accu-
mulation and proliferation peak simultaneously, followed by a concur-
rent decline, highlighting a strong correlation between these processes.

Our study provides novel insights into the dynamics of lipid accu-
mulation throughout the entire liver regeneration process, offering
valuable knowledge for future research on liver regeneration in general
and metabolic alterations following PH in particular. Further studies are
needed to clarify the specific roles of lipids in liver regeneration and to
explore potential therapeutic applications, such as promoting liver
regeneration through lipid metabolism regulation. This study also
highlights key timepoints within this well-established surgical rat model
that could be utilized for such investigations.
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