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Background & Aims: Effective anti-fibrotic drugs and new non-invasive evaluation methods for liver fibrosis (LF)
are urgently needed. Our study aimed to evaluate the histological effects of the Qizhu (QZ) formula on LF and to
explore a non-invasive Near-infrared photoacoustic imaging (NIR-PAI) kinetic model for liver function detection
and pharmacodynamic evaluation.

Methods: C57BL/6 J mice were randomly divided into six groups (n=6). An LF model was induced by CCl,4 for 8
weeks, followed by an 8-week treatment period. Histological and serological parameters were assessed, and
indocyanine green (ICG) metabolism (maximum peak time [Tpax] and half-life [T;/2]) was monitored by NIR-
PAIL Spearman correlation analysis was conducted to evaluate correlations.

Results & Conclusions: Histological and serological results confirmed the anti-fibrotic effects of QZ. NIR-PAI ki-
netic parameters indicated that QZ shortened the Tpax and Ty /2 of ICG. There were good correlations between
ICG metabolism and liver histopathology. The non-invasive NIR-PAI kinetic model shows potential in liver

function detection and pharmacodynamic evaluation.

1. Introduction

Liver fibrosis (LF) is a critical pathological stage in the progression of
chronic liver disease to cirrhosis and hepatocellular carcinoma (HCC).
The main histological signs of LF include necrosis of hepatocytes and
aberrant extracellular matrix (ECM) deposition [1,2]. Currently, there is
no effective treatment for LF other than liver transplantation. Its serious
complications pose a significant threat to patient health, resulting in
high morbidity and mortality rates. There is an urgent need for effective
anti-fibrotic drugs [3].

At present, LF clinical treatments mainly focus on anti-etiology,
including antivirals, immunosuppression, alcohol withdrawal, and
others. Traditional Chinese medicine (TCM) has demonstrated notable
benefits in reducing patients’ clinical symptoms and regulating multiple
pharmacological targets [4]. Qizhu formula (QZ) is a Chinese medicine
formula derived from TCM theory and clinical application experience. It

is composed of 10 natural Chinese herbs, with the main active in-
gredients including Astragalus (Astmgali Radix), Curcuma phaeocaulis
Val (Curcumae Rhizoma), Salvia miltiorrhiza Bge (Salviae Miltior-
rhizae), and Atractylodes macrocephala Koidz (Macrocephalae Rhi-
zoma). Studies have reported the therapeutic effects of these ingredients
in fibrotic diseases [5-8]. In the early stage, we clinically demonstrated
that QZ has a definite effect and safety in 134 LF patients. Results
showed that QZ could effectively improve patients’ clinical symptoms
such as hepatalgia and fatigue, and decrease abnormal liver indicators
such as aminotransferases and bilirubin [9]. However, liver biopsy, an
invasive examination with potential complications, is not well accepted
in clinical practice. This brings challenges in obtaining reliable histo-
pathological data to evaluate the efficacy of QZ. Effective anti-fibrotic
drugs and new non-invasive evaluation methods are urgently needed.
Recently, the rapid development of imaging techniques, featuring
advantages of being non-invasive, simple, and compliant, includes
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ultrasonography (US), transient elastography (TE), magnetic resonance
elastography (MRE), and computed tomography (CT). These imaging
techniques supplement the limitations of histopathological detection
[10-12]. However, imaging results are easily affected by liver inflam-
mation, intrahepatic conditions, and hepatic amyloidosis, etc., which
result in insufficient accuracy [13-15]. Near-infrared photoacoustic
imaging (NIR-PAI) is a novel non-invasive imaging method with high
spatial resolution and deep penetration depth (700-1700 nm). NIR-PAI,
with its high contrast, enables faster, safer, easier, more precise, and less
expensive clinical testing than positron emission tomography or
computed tomography. Preclinical studies have reported its potential as
a diagnostic and image-guiding tool [16,17]. Indocyanine green (ICG) is
an agent approved by the US Food and Drug Administration (FDA) for
clinical use [18], and the ICGR15 (15-minute retention rate of ICG) test
has been carried out worldwide to evaluate liver reserve function and
reflect the amount of functional liver cells in surgical operations.
Coincidentally, ICG exhibits PAI properties, with an absorption peak of
approximately 800 nm. In recent years, preclinical experiments on dy-
namic liver function assessment using ICG combined with PAI have been
conducted [19,20]. Preliminary findings suggest that the combination of
PAI and ICG offers non-invasive, quantitative, and dynamic advantages.
More importantly, there is a statistically significant correlation with
histopathological content, indicating that this combination may provide
a reliable quantitative model for the diagnosis and pharmacodynamic
evaluation of liver fibrosis.

Our study established a liver fibrosis mouse model and treated it with
the QZ formula. Histological and serological assessments, as well as NIR-
PAI kinetic parameters of ICG, including the maximum peak time (Tpax)
and half-life (T;,3), were employed to evaluate the anti-liver fibrosis
efficacy of QZ. Obtaining histological confirmation of QZ’s efficacy
against liver fibrosis could expedite its clinical adoption. The non-
invasive NIR-PAI kinetic model correlates with histological and sero-
logical markers, thus establishing a dependable, quantitative, and non-
invasive approach for clinical liver function assessment and pharmaco-
dynamic analysis.

2. Materials and methods
2.1. Animal models and drugs intervention

Male C57BL/6 J mice, aged 4-6 weeks, were used in this study. The
protocol was approved by the ethics committee of the National Center
for Nanoscience and Technology. Mice were randomly and evenly
divided into six groups (n=6): healthy group (Control), fibrosis model
group (Model), silybin treatment group (Positive), and Qizhu formula
groups with high, medium, and low doses (QZ-L, QZ-M, QZ-H). Model
mice were injected intraperitoneally with 5 pl/g body weight (bw) of a
10 % (vol/vol) CCly solution (MacLean, C805332) twice a week for 8
consecutive weeks. Drug intervention began in the third week of CCly
injections. The gavage dose of silybin was 31.5 mg/kg bw/day, and the
three Qizhu formula doses were 1.35 g/kg bw/day, 2.7 g/kg bw/day,
and 5.4 g/kg bw/day. The control and model groups were gavaged with
the same volume of 0.9 % physiological saline. The administration fre-
quency was once a day for 8 weeks.

2.2. Ultrasound grayscale imaging of the liver

A small animal ultrasound machine (Vevo, VisualSonics Vevo LAB)
was used to detect the ultrasound grayscale imaging of the liver. Mice
were fasted with water for 6 hours before the experiment and anes-
thetized by inhalation of 2 % isoflurane. Their feet were gently fixed, the
hair on the abdomen was removed with depilatory cream to fully expose
the liver area, and conductive gel was applied to the exposed skin. The
mice were then connected to the physiological signal acquisition unit
and scanned using B-Mode grayscale imaging. Fiji: ImageJ software was
used to measure the grayscale values and hepatic portal vein diameters
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of the liver. Histograms of grayscale images were generated using the
OpenCV cv2.calcHist function in the Python module. The selection cri-
terion for the region of interest (ROI) was to identify sections of liver
tissue free from major blood vessels and hepatic lobules. The specified
size of the ROI was calibrated to enable random positioning throughout
all hepatic tissue areas, avoiding large vessels and lobules in each liver
section. We modified the quantitative method of ultrasound grayscale
value based on the approach described in the literature. By comparing
the ultrasound grayscale signals from the livers of mice in each group
with those from normal mice, we obtained the ultrasound gray scale
ratio (UGSR) [21,22].

2.3. Three-dimensional (3D) Photoacoustic (PA) imaging of the mouse
liver

The mouse liver was imaged using a PAI system (Nexus 128, Endra
Inc.) at 800 nm, which corresponds to the absorption peak of ICG in
blood. The hair on the mice’s abdomen was removed to expose the liver
area, and then the mice were anesthetized using 2 % isoflurane. The
anesthetized mice were fixed on the animal tray within the Nexus
scanning bin, and scanning parameters were set. The scanning duration
was 1.2 minutes, with the mode set to "step and shoot." The number of
angles was set to 36, and the number of pulses per angle to 20. Before
ICG injection, the first scan was performed and recorded as the 0-second
imaging. Subsequently, ICG was injected via the tail vein at a dose of 3
pmol/kg-bw, and the second scan was performed 90 seconds after the
injection, followed by scans at 200, 300, and 600 seconds. The scanning
data were imported into custom-written MATLAB (R2014a) for 3D im-
aging analysis, and the statistical analysis of photoacoustic intensity was
performed using Fiji: ImageJ software.

2.4. Plotting of PA liver function curve

We selected the region of interest in each mouse liver PA images and
measured the PA signal intensity (SI) values to plot the PA liver function
curve. Relative enhancement (RE) was calculated using Eq.(a)[20].

Sk — Sk,

RE(T) = )+ 100% (@
Sliry)

Where the SI(T) is the liver PA signal intensity after ICG injection, the SI
(To) is the average contrast signal intensity before injection. The time
course of RE was plotted to identify the liver PA liver function curve. The
absorption rate and excretion rate of PA were calculated by the fitted
curve equations using an empiric mathematic model(b)[23].
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Where A is the upper limit of the RE, « is the rate of contrast uptake(s 1),
B is the rate of contrast washout(s™!), q is a parameter related to the
slope of the early uptake, and Ty is the rise time point (s). The Tpax RE
and Ty, of the elimination RE were calculated from the fitted curve.

2.5. Liver pathological staining

Freshly isolated liver tissues were fixed in 4 % paraformaldehyde
(vol/vol) for more than 24 hours, embedded in paraffin, and sectioned
by conventional methods for histopathological examination. The histo-
pathological sections were stained with hematoxylin and eosin (HE),
Sirius Red, and immunofluorescence. Pathological changes were
observed and photographed for analysis. Antibodies against matrix
metalloproteinase-2 (MMP-2), type I collagen protein (Col-I), and clus-
ter of differentiation 31 (CD31) were purchased from Sigma-Aldrich.
Fiji: ImageJ software was used to measure the areas positive for Sirius
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Fig. 1. Histopathologic analysis of mouse liver at different intervention of modeling. A, Photographs of mouse liver (BF), scan bar = 2 mm. Photomicrographs
obtained with hematoxylin-eosin staining (HE) and Sirius red staining, scan bar = 300pm. B, Immunofluorescence staining of liver tissue with DAPI/nucleus (blue),

MMP-2(green), CD31 (red), Col-I (pink) and merge, respectively. Scan bar = 50pm.
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Fig. 2. Statistical analysis of the histopathologic staining positive area and liver function parameters serology content in different intervention of modeling mouse. A,
the percentages of positive areas for immunofluorescence staining for MMP-2, CD31 and Col-I in liver tissue. B, the percentages of positive areas for Sirius red in liver
tissue. C, The ALT and AST contents in the serum of different intervention of modeling mouse. D, the HA, LN, Col-IV and PCIII contents in the serum of different

intervention of modeling mouse. *P<0.01, **P<0.005, ***P<0.001, ****P<0.0001.

Red, MMP-2, Col-I, and CD31 immunohistochemical staining.

2.6. Serology contents detection

After the mice were anesthetized, approximately 1-1.5 ml of blood
was collected from each mouse and left to stand for 2 hours at room
temperature before being centrifuged for 15 minutes at 3000 rpm. The
upper serum layer was carefully aspirated and stored at —80°C for
serology content detection. Before serology content detection, the serum
samples were thawed and centrifuged again. The automatic biochemical
analyzer (Chemray 240, Shenzhen Life Technology Co., LTD) was set to
the corresponding parameters for automatic determination.

2.7. Statistical analysis

Data are presented as mean+SD. GraphPad Prism (version 8.0)
software was used for statistical analysis. Data were analyzed using
ANOVA for Gaussian distribution and the Kruskal-Wallis test for non-
Gaussian distribution. When performing correlation analysis, a normal
distribution test was conducted on continuous variable data from
different groups. Spearman’s rank correlation was used to evaluate the
relationship between PAI results and liver histologic scores and liver

function serology contents.
significant.

P<0.05 was considered statistically

3. Results
3.1. Liver histopathologic analysis

Histology is the "gold standard" for evaluating liver fibrosis. In this
study, HE staining, Sirius Red staining, and immunofluorescence stain-
ing were used to assess the histological features. In the normal group
(control), the liver under bright field (BF) view displayed a soft texture,
smooth surface, and light, glossy color; HE staining revealed normal
morphology of hepatic sinusoids and hepatocytes; and Sirius Red
staining showed no significant red collagen fiber deposition. However,
in the fibrotic group (model), the BF view of the liver appeared rough in
texture, with a grainy surface, dull color, and less luster; HE staining
revealed disorder in hepatic cords, necrosis of hepatocytes, nucleopyk-
nosis, and formation of inflammatory cells; Sirius Red staining revealed
extensive collagen fiber deposition between hepatic lobules. Conversely,
in the four treatment groups (positive, QZ-L, QZ-M, QZ-H), the BF view,
HE staining, and Sirius Red staining all showed improvements in he-
patocyte damage and collagen fiber deposition (Fig. 1A), suggesting the
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Fig. 3. US images of mouse liver at different intervention of modeling without use of an exogenous contrast agent. A(a), The US grayscale images of mice liver in live
mice, ROI area is 1.306*0.822 mm. A(b), The grayscale histogram of different intervention modeling. B(a), Statistical analysis of the US gray scale ratio (UGSR) in
different intervention of modeling. B(b), Statistical analysis of the diameters of hepatic portal vein in different intervention modeling. *P<0.01, **P<0.005,

***P<0.001, ****P<0.0001, specific P values are in Tablel.

histological effects and hepatocyte protective efficacy of the Qizhu
formula.

During the progression of LF, increased Col-I and decreased MMP-2
are the main factors in ECM accumulation [24,25]. Immunofluores-
cence staining results showed that MMP-2 decreased while Col-I
increased in the model group; in contrast, in the four treatment
groups, the expression of MMP-2 showed an increasing trend, while
Col-I significantly decreased (Fig. 1B). The expression of CD31 increases
with the progression of liver fibrosis; an increase in CD31 indicates the
capillarization of liver sinusoids. The results of CD31 immunofluores-
cence staining increased in the model group but decreased in the
treatment groups, suggesting that the pathological manifestations of
capillarization were improved in the treatment groups compared with
the model group (Fig. 1B). The immunofluorescence staining results
further confirmed the histological effects of Qizhu on anti-fibrotic
activity.

3.2. Quantitative statistical analysis of liver function parameters in tissue
staining and serology content

Aimed at the quantitative evaluation of the anti-hepatic fibrosis ef-
ficacy of QZ, we statistically analyzed the staining positive areas to
obtain objective evidence. Results showed that Col-I (control, 84.79 %
+4.47; model, 119.78 %+16.40; positive, 98.90 %+12.09; QZ-L,
91.88 %+1.67; QZ-M, 91.88 %+1.67; QZ-H, 101.49 %+7.80) and
CD31 (control, 29.54 %+2.97; model, 70.48 %-+3.48; positive, 51.15 %
1+7.44; QZ-L, 62.92 %£12.00; QZ-M, 55.77 %+1.47; QZ-H, 45.23 %
+4.29) were significantly increased in the model group compared to the
control group, while they were decreased in the four treatment groups
compared to the model group. MMP-2 (control, 54.38 %+4.85; model,
31.28 %+8.41; positive, 62.51 %+5.83; QZ-L, 60.14 %+3.52; QZ-M,

61.22 %+3.46; QZ-H, 52.22 %+5.06) was significantly decreased in
the model group compared to the control group, while it increased in the
four treatment groups compared to the model group (Fig. 2A). Sirius Red
staining results showed that, in the model group, the collagen fiber
deposition was significantly more pronounced than in the control group,
and the deposition area significantly decreased in the four treatment
groups compared to the model group (Fig. 2B, control, 0.61 %+0.4;
model, 2.92 %+0.66; positive, 1.75 %=+0.45; QZ-L, 1.44 %+0.65; QZ-
M, 1.37 %+0.24; QZ-H, 1.70 %=+0.51). The statistical analysis results
provide reliable quantitative evidence of the anti-fibrotic effects of QZ
granules, suggesting that the QZ formula could reverse the abnormal
deposition of ECM, especially decreasing the expression of collagen fi-
bers stained with Sirius Red.

We further detected the serological contents commonly used to
evaluate liver fibrosis in clinical settings. AST and ALT are the most
frequently used clinical parameters in the prediction and evaluation of
liver fibrosis [26,27]. Statistical results showed that AST (control, 96.66
1U/L+8.44; model, 145 IU/L+23.98; positive, 102.2 [U/L+13.4; QZ-L,
100.8 IU/L+£12.21; QZ-M, 116.6 IU/L+9.83; QZ-H, 114.4 IU/L
+18.33) and ALT (control, 25.67 IU/L+2.42; model, 55.6 IU/L+19.59;
positive, 33.6 IU/L+4.67; QZ-L, 36.6 IU/L+6.27; QZ-M, 34 IU/L+6.16;
QZ-H, 31.6 IU/L+4.61) were significantly increased in the model group
compared to the control group, while they decreased in the four treat-
ment groups ( Fig. 5C). Hyaluronic acid (HA) and laminin (LN), along
with type IV collagen (Col-1V) and type III collagen (PCIII), are the main
components of ECM. Therefore, the levels of LN, HA, Col-1V, and PCIII in
serum are used to evaluate liver fibrosis. Serological statistics results
showed that LN (control, 26.44 ng/ml+6.04; model, 36.79 ng/ml
+4.00; positive, 23.04 ng/ml+4.25; QZ-L, 24.47 ng/ml+4.34; QZ-M,
26.00 ng/ml+5.14; QZ-H, 28.71 ng/ml+4.13), HA (control,
422.63 ng/ml+86.19; model, 1285.21 ng/ml+479.66; positive,
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Fig. 4. Time course of dynamic near-infrared photoacoustic imaging of mouse liver. A, Dynamic contrast-enhanced PA imaging for different groups before (0 s) and
after indocyanine green injection (90s-600s), the blue line area is liver. B, PA liver function curves. (Figure displayed the 2D pictures of the cross-section of 3D liver
PA imaging, the statistics of PA signals are the 3D quantitative results.).



Q.-J. Wu et al.

A Kruskal Wallis test
% 0.20001 .
[
B -
()gozoooo %‘, ? ? < 6%, %
0.19999
O 0 @ g A A
RNt o ST gl

B Brown-Forsythe and Welch ANOVA
80 -
Tl = =
.
(a)
8 =
o
20_
o T \ I \A
cp(\"‘o‘,\oe> \\“ A 'L"“Q’L’

Photoacoustics 41 (2025) 100667

0.0105 Kruskal Wallis test

&

T \ T \ T T T ]“
00““0\?960?oé\""“eev\'&"\’\&"

360 - Brown-Forsythe and Welch ANOVA

“’gz:gﬁém

o“\ \}\oée 1«’\' o Q’L’

Fig. 5. Time Course and kinetic parameters of PAI of Mouse Liver. A, Rates of indocyanine green (ICG) absorption and excretion. B, The ICG metabolic parameters of

maximum peak time (Tyay) and half-life (T;,2) in mouse livers.

498.60 ng/ml+82.50; QZ-L, 440.10 ng/ml+37.11; QZ-M, 601.44 ng/ml
+108.39; QZ-H, 562.41 ng/ml+301), Col-IV (control, 13.12 ng/ml
+2.02; model, 35.20 ng/ml+15.83; positive, 11.16 ng/ml+3.55; QZ-L,
12.78 ng/ml+2.23; QZ-M, 16.94 ng/ml+8.01; QZ-H, 18.09 ng/ml
+9.88), and PCIII (control, 36.25 ng/ml+6.26; model, 63.48 ng/ml
+13.94; positive, 44.92 ng/ml+9.67; QZ-L, 39.93 ng/ml+8.68; QZ-M,
36.53 ng/ml+9.51; QZ-H, 31.15ng/ml+3.23) levels in the model
group were significantly higher than those in the control group, while
they were significantly decreased in the four treatment groups (Fig. 5D).
The above serological parameters were consistent with the trend of
clinical parameters, and statistical analysis results suggested the thera-
peutic effects of the positive drug (silybin) and QZ formula drugs.
Although there was no significant statistical difference among the four
treatment groups, the three QZ groups generally showed an advantage
over the positive group. In addition, the three dose groups of QZ gran-
ules showed a dose-response relationship in some individual parameters
(AST, LN, PC-III, Col-IV).

3.3. US imaging and three-dimensional (3D) NIR-PAI of liver

We have demonstrated the anti-fibrotic effects of the drugs histo-
logically and serologically. Subsequently, we assessed liver function in
LF mice using both conventional US and NIR-PAI methods. Ultrasound
grayscale imaging was performed on the coronal plane of the mouse
liver without an exogenous contrast agent. In the control group, the liver
edge appeared smooth, with uniform parenchyma and moderate ultra-
sound intensity. Conversely, in the model group, dullness was observed
in the liver parenchyma, along with hepatic portal vein dilatation and
nodular changes, leading to increased ultrasound intensity (Fig. 3A(a)).
By drawing the gray histogram of liver US imaging, it can be seen that
the number of high-intensity gray pixels increased in the model group
but decreased in the four treatment groups (Fig. 3A(b)). US grayscale

ratio (UGSR) statistics showed a significant increase in the model group
compared to the control group (Fig. 3B(a), control: 1.0+0.25; model:
1.4540.17). In the four treatment groups, the UGSRs decreased versus
the model group, and the three QZ groups showed a more pronounced
reduction than the positive group, with the difference being statistically
significant (Fig. 3B(a), positive: 1.37+0.11; QZ-L: 1.144+0.09; QZ-M:
1.10+0.10; QZ-H: 1.17+0.08). Additionally, the hepatic portal vein
diameter increased in the four treatment groups (Fig. 3B(b)). These re-
sults are consistent with clinical ultrasonography images of liver fibrosis
patients and treated patients.

Next, we employed the NIR-PAI kinetic model to assess liver function
by recording ICG metabolism. Fig. 4 shows the dynamic NIR-PAI results
of mouse livers in different groups at 800 nm. PAI revealed a decreased
capacity of the model group to absorb and expel ICG compared to the
control group, while the liver’s ability to metabolize ICG increased in all
four treatment groups. We conducted 3D imaging of mouse livers in each
group (Fig. 4A) and outlined the PA liver function curve (Fig. 4B). Fig. 4
displays the 2D pictures of the cross-section of 3D liver PA imaging, and
the statistics of PA signals are the 3D quantitative results.

3.4. Statistical analysis of NIR-PAI kinetic parameters

In order to quantitatively analyze the NIR-PAI parameters, we per-
formed curve fitting on the liver function curve using an empirical
mathematical model and calculated the absorption and excretion rates
of ICG. We took the maximum absorption time [Tp,ax] and half-life time
[T1/2] of ICG as the quantitative parameters of the NIR-PAI kinetic
model. The absorption rate and excretion rate of PA were determined by
fitting curve equations. Results showed that the absorption rate and
excretion rate decreased in the model group but increased in the four
treatment groups (Fig. 5A). We calculated Tpax and Ty /5 of ICG for each
group according to the fitting Eq. (b). The results showed that Tpyax (sec)
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Fig. 6. Spearman correlations between the kinetic parameters for dynamic contrast-enhanced photoacoustic imaging with ICG and the histopathologic & serolo-
gylogic score in each group. A, Correlation between the maximum peak time (Ty,x) and the Sirius red-positive area, the Col-I-positive area, the MMP-2-positive
area, the CD31-positive area, and the ALT and AST content. B, Correlation between the half-life (T /2) and Sirius red—positive area, the Col-I-positive area, the MMP-

2-positive area, the CD31-positive area, and the ALT and AST content.

(Fig. 5B(a), Tmax (mean+SD): control, 28 s+7.93; model, 41 s+9.67;
positive, 30.84 s+7.67; QZ-L, 30.5 s+6.49; QZ-M, 33.4 s+8.99; QZ-H,
30.3 5+9.14; P<0.05) and Tj,2 (sec) (Fig. 5B(b), Ty, (mean+SD):
control, 304.5 s+7.65; model, 316.5 s+8.80; positive, 307 s+7.36; QZ-
L, 309.55+6.78; QZ-M, 309.5s+7.65; QZ-H, 307.5 s+7.65; P<0.05)
were significantly extended in the model group. Conversely, they were
shortened across the treatment groups, with no statistical difference
among the four treatment groups. The Tp,x and Ty /2 of ICG provided a
NIR-PAI kinetic parameter model for evaluating liver metabolic function
over time and space.

3.5. Correlation analysis between NIR-PAI kinetics model and
histopathology and serology contents

Lastly, we evaluated the relationship between NIR-PAI kinetic pa-
rameters and histopathological positive area with serological contents.
As shown in Fig. 6A, there was a positive correlation between the dy-
namic parameters of ICG Tp,x and the histopathological positive area
and serological contents. The Spearman’s p values for histopathological
positive area versus Tpax were: Sirius Red staining, 0.753 (95 % CI:
0.261, 0.935); Col-1, 0.670 (95 % CI: 0.136, 0.902); CD31, 0.748 (95 %
CIL: 0.288, 0.928); MMP-2, —0.136 (95 % CI: —0.669, 0.489), respec-
tively. The Spearman’s p values for serological contents versus Tpax
were: AST, 0.565 (95 % CI: 0.0016, 0.8559); ALT, 0.713 (95 % CI:

0.217, 0.917); PCIII, 0.6507 (95 % CI: 0.103, 0.895); LN, 0.532 (95 %
CI: —0.080, 0.852); HA, 0.832 (95 % CIL: 0.479, 0.953); Col-1V, 0.627
(95 % CI: 0.023, 0.896), respectively. Fig. 6B shows the positive corre-
lation between the dynamic parameters of ICG T;/2 and the histopath-
ological positive area and serological contents. The Spearman’s p values
for histopathological positive area versus T, » were: Sirius Red staining,
0.624 (95 % CI: 0.058, 0.886); Col-1, 0.6561 (95 % CI: 0.1129, 0.8974);
CD31, 0.5219 (95 % CI: —0.0934, 0.8487); MMP-2, —0.305 (95 % CI:
—0.7565, 0.3429), respectively. The Spearman’s p values for serological
contents versus T;,o were: AST, 0.778 (95 % CI: 0.351, 0.937); ALT,
0.634 (95 % CI: 0.07526, 0.8897); PCIII, 0.326 (95 % CI: —0.323,
0.767); LN, 0.522 (95 % CI: —0.0934, 0.8487); HA, 0.545 (95 % CI:
—0.0593, 0.858); Col-IV, 0.5849 (95% CI: —0.002697, 0.8723),
respectively. Correlation analysis showed that the kinetic parameters of
Tmax and Ty /2 were highly correlated with the results of liver histopa-
thology (Sirius Red staining, Col-I, Col-IV) and serology (AST, ALT). The
results suggest that ICG metabolism is associated with liver fibrosis
status, which suggests that PAI can be used to evaluate liver function and
serve as a dynamic parameter for drug efficacy evaluation.

4. Discussion

Liver fibrosis is the result of chronic liver injury and frequently
progresses to cirrhosis, liver failure, portal hypertension, and
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hepatocellular carcinoma (HCC). It is crucial to shorten the continuous
progression to reduce the serious adverse consequences of chronic liver
diseases [28].

Currently, there are no reliable medications to treat liver fibrosis
[29]. Current research on anti-liver fibrosis is focusing on the regulation
of molecular targets, with most still in phase II and phase III clinical
trials. Natural substances, immunology, and genetic approaches have
demonstrated considerable advantages in anti-fibrotic therapies [30,
31]. TCM formulas, as primary natural medicine practitioners derived
from clinical experience, have shown anti-liver fibrosis effects clinically,
such as reducing collagen fiber deposition and the incidence of cirrhosis.
TCM has drawn attention to its benefits in treating LF due to multi-target
regulation, improved clinical symptoms, and fewer side effects. How-
ever, the multi-target regulation characteristic of TCM means its com-
plex mechanisms cannot be adequately explained by common
methodologies, significantly limiting its further promotion and inter-
national application.

Another major obstacle to the advancement of anti-fibrotic medica-
tions is the absence of reliable quantitative tools for assessing LF [31,
32]. The "gold standard" for LF diagnosis is liver biopsy, which is not
commonly accepted in clinical practice due to its well-known limitations
(invasiveness, uncommon but serious complications, and sampling
inconsistency). Considerable work has been done to develop simple and
non-invasive tools that can be easily used in routine clinical practice and
drug development [33]. ICG can rapidly bind to hemoglobin and is only
absorbed by the liver; during liver fibrosis, the metabolism of ICG is
hindered by abnormal deposition of the ECM and hepatocyte necrosis,
making ICG an ideal contrast agent for liver function evaluation [34].
With the development of imaging detection, PAI has been previously
reported for monitoring ICG-based agent dynamic absorption and
clearance in tumor tissues [35], and the combination of PAI with ICG is
emerging as a potentially non-invasive method in clinical practice.

In our study, we assessed the histological efficacy of the QZ formula
in mice as an alternative to the limited clinical liver biopsy. We also
evaluated the serological markers of liver fibrosis. At the same time,
silybin, as the most commonly used liver-protective drug, was identified
as effective in anti-fibrotic activity in our previous study [36], hence
silybin was chosen as the positive control drug. Clinical liver biopsies
usually involve collagen fiber staining, and by analyzing the collagen
fiber positive area, the severity of LF can be identified. Our study utilized
Sirius Red staining and immunofluorescence staining to label collagen
fibers and Col-I, respectively, demonstrating that the QZ formula can
effectively reduce the abnormal deposition of the ECM (P<0.05).
Additionally, serological results indicated a reduction in transaminase
levels and expression of LF molecules with QZ treatment, consistent with
clinical trial results.

Next, we explored the non-invasive method of the PAI system com-
bined with ICG to evaluate the LF status in mice. Previously, ICG-based
probes combined with PAI were used in HCC lesion detection, and dy-
namic contrast-enhanced PAI was used to plot the ICG curve in liver
fibrosis mice [20]. Recently, preclinical studies used the PAI system with
ICG to evaluate the relationship between liver reserve function and liver
fibrosis in a rabbit model, and the results showed that ICG clearance was
significantly reduced in the model group, suggesting an impairment of
liver reserve function [37]. Consistent with previous findings, our re-
sults showed that ICG excretion in the 8-week LF model decreased to
more than 300 seconds, and the ICG absorption rate and excretion rate
were both significantly increased compared to the healthy liver. This
demonstrates the robustness of the NIR-PAI with ICG resolution model
in distinguishing fibrotic and normal liver tissue. However, the photo-
acoustic data acquisition frequency was constrained by the capabilities
of the employed machine model. To substantiate the validity and reli-
ability of our findings, we correlated our results with literature data,
revealing that the ICG metabolic curve derived from photoacoustic
signals in this study was roughly the same as those reported for mice
with LF [20]. Furthermore, we integrated photoacoustic computed
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tomography (PACT) with the signal fitting method, demonstrating its
applicability in chronic alcoholic liver disease (ALD) and hereditary
tyrosinemia type I (HT1) models for assessing liver reserve and renal
metabolic functions. The outcomes consistently validated the accuracy
of PAI in measuring liver function. PAI's non-invasive nature and
high-contrast resolution offer distinct advantages over conventional
clinical imaging, holding the potential to significantly augment the
comprehensive evaluation of hepatic and renal pathologies [38-40].

On the basis of proving that NIR-PAI is a reliable diagnostic tool, we
further used NIR-PAI with ICG to evaluate the efficacy of anti-liver
fibrosis drugs. Results showed that the NIR-PAI kinetic parameters of
ICG (Tax and Ty 2) in the four drug treatment groups were lower than
those in the model group and were positively correlated with histo-
pathological (Sirius Red staining, Col-I) and serological (ALT, AST, Col-
IV) contents (P < 0.05). At the same time, the three QZ groups showed
an advantage over the positive group, and the three dose groups of QZ
granules showed a trend of dose-response relationship in some indi-
vidual parameters. Although there was no significant statistical differ-
ence in drug optimal efficiency and dose-response relationship, those
liver function parameters were consistent with previous studies [36]. In
this study, the evaluation of liver reserve function in fibrotic mice
treated with three dosages of QZ revealed that the high-dose group
performed better in shortening the maximum peak absorption time
(Tmax) of ICG and reducing its half-life (T;/2). Additionally, when inte-
grated with liver photoacoustic imaging results (Fig. 4), the QZ
high-dose group outperformed the low and medium dosage groups in
enhancing liver reserve function. This phenomenon suggests the possi-
bility of NIR-PAI as an evaluation tool for drug efficacy. However, the
high-dose group of QZ did not consistently show superiority in reducing
extracellular matrix deposition and serum fibrosis biomarkers compared
to the low and medium dosage groups (Fig. 2). This indicates the com-
plex mechanism of QZ as a type of TCM formula. To maximize clinical
benefits, a comprehensive evaluation of drug efficacy considering mul-
tiple liver function indicators is necessary. To optimize clinical out-
comes, a comprehensive evaluation of drug efficacy—taking into
account multiple indicators of liver function—is essential. In this
context, non-invasive and easy-to-use methods (such as NIR-PAI) can
assist clinicians in making more comprehensive judgments on drug ef-
ficacy, thereby facilitating the clinical application of more effective
anti-fibrotic drugs.

There are still limitations to our study. Firstly, the penetration depth
of NIR is insufficient; the first NIR region (NIR-I, 700-900 nm) can
penetrate only 2-3 cm, and the second near-infrared region (NIR-II,
1000-1700 nm) up to 5-6 cm, which limits its clinical application.
Worthy of expectation, there has been recent research aimed at devel-
oping new ICG-sized tunable contrast agents for targeted NIR-PAI,
suggesting potential for clinical development [19]. Secondly, the liver
fibrosis mouse model induced by CCls injection does not reflect the
clinical onset mechanism of LF, which may introduce potential bias into
our study results. Lastly, due to constraints in NIR imaging instruments,
the description and imaging time in our study remain long. NIR-PAIL
systems with higher resolution and imaging speed, such as the Vevo
LAZR system, which supports real-time 2D and 3D imaging, are avail-
able for more NIR-PAI research. All in all, this necessitates a multidis-
ciplinary effort towards optimizing instruments, imaging techniques,
and manufacturing standards before clinical application.

In conclusion, our study obtained the histological evidence of QZ
formula anti-liver fibrosis in mice, and the correlation analysis results
suggest that NIR-PAI kinetic parameters of ICG (Tpax and Tj/2) may
contribute to non-invasive detection and pharmacodynamic evaluation
of LF.

5. Conclusion

In our study, we demonstrated the histological effectiveness of the
QZ formula in anti-liver fibrosis, particularly in reducing the deposition
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Table 1

General Characteristics of the Different Intervention Mouse Groups.

P value

=6)

QZ-H (n

-6)

QZ-M (n

-6)

QZ-L (n

Positive

=6)

Model ( n:

Control

Variable

(n=6)

(n=6)

0.924
<0.05

24.94+2.47

1.17

24.83+1.74
1.10

24.70+1.88

1.14

24.814+1.90
1.37+0.111P

24.26+1.64

24.98+1.90
1.0+£0.25

Body weight(g)

0.8533

1.454+0.17*P<0.0001

US gray scale ratio (UGSR)

0.00161P=0.0316

+0.081P

=0.0114 +0.101P<0.0001{P=0.0020
1.20+0.09

+0.091P=0.0005{P

0.77+0.20

0.0635

1.274+0.23

1.17+0.35

1.27+0.46

1.085+0.103

Diameters of hepatic portal vein,

diameters(mm)

<0.05

1.37+0.24{P<0.0001 1.70+£0.51{P=0.0016

1.44+0.657P<0.0001

0.0017

1.75+0.45¢P:

2.924+0.66*P<0.0001

31.28+8.41*P:

0.61+0.4

Histopathologic staining, Sirius red(%)
Histopathologic staining, MMP—2(%)
Histopathologic staining, CD31(%)

<0.05

0.0079
0.0109

52.22+5.061P

0.0004

55.77+1.471P=0.0409

61.22:+3.467P:

0.0005
62.92+12.001P=0.9477

91.88+1.67.

60.14:+3.527.

0.0003
0.1528

62.51+5.831P

0.0087

54.38+4.85
29.54+2.97
84.79+4.47

<0.05
<0.05

45.23+4.291P

51.15+7.441P:

98.90

70.48+3.48*P=0.0008

0.2937

101.49+7.80tP

100.54+7.881P=0.2494

0.0495

119.78+16.40*P=0.0254 —

Histopathologic staining, Col—1(%)

—=0.1881

+12.091P.

<0.05

0.0036

114.4+18.33{P

31.6+4.611P:

0.0101

116.6+9.83{P=0.0637

601.435+108.391P:

34+6.161P

0.0294

36.6£6.27{P:

0.0086

33.6+4.671P

0.0001
0.0002

55.6+19.59*P:
145+23.98*P.

1285.21

25.67+2.42
96.66+8.44

Serology content, ALT(IU/L)
Serology content, AST(IU/L)
Serology content, HA(ng/ml)

<0.05
<0.05

0.0386

100.8+12.217P=0.0013

440.10+37.11%.

0.0018

102.2+13.4¢P:

498.60

0.0009

562.41+301.07P:

0.0017

0.0001

422.63+86.19

—0.0003

+82.501P

+479.66*P<0.0001

36.79+4.00*P.

<0.05
<0.05

0.1118
0.0352

28.714+4.131P

26.00+5.141P=0.0151

16.94+8.017P:

0.0043

0.0032

0.0045
0.0002

307+6.781P=0.0007

24.47+4.341P:
12.78+2.237.

0.0008
0.0015
0.0354
0.0006
0.0009

23.04-4.251P

0.0149

26.44+6.04
13.12+2.02
36.25+6.26

28+7.93

Serology content, LN(ng/ml)

18.09+9.881P

0.0214
0.0010
0.0288

309.5+7.657P=0.0349

11.16+3.55{P
44.92+9.671P:

0.0024
0.0005

35.20+15.83*P:
63.48+13.94*P:

Serology content, Col-IV(ng/ml)
Serology content, PCIII(ng/ml)

Tmax (sec)

<0.05

31.15+3.231P<0.0001

36.53+9.511P
33.4£8.991P.

39.93+8.681P
30.56.491P.

<0.001
<0.001

0.0004

30.3+9.141P:

30.84+7.671P
307+7.361P

41+9.67*P<0.0001

316.5+8.80
*P<0.0001

0.0021

307.5+7.651P:

304.5+7.65

T1/2 (sec)

type I collagen

cluster of differentiation 31, Col-I

type IV collagen protein. Ty » = half-life, Tmax = maximum peak time. * P versus control group. } P versus model group. i P versus positive

matrix metalloproteinase-2, CD31

Data are mean + standard deviation. Abbreviation: ALT = alanine aminotransferase, AST = aspartate aminotransferase, MMP-2

type III procollagen, Col-IV=

laminin, PCIII=

=hyaluronic acid, LN

protein, HA
group.
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of collagen fibers. NIR-PAI combined with ICG is a non-invasive, real-
time, and quantitative evaluation tool for plotting liver kinetic param-
eters. Correlation analysis showed that the PAI kinetic parameters of ICG
(Tmax, T1/2) were highly correlated with the histopathology and serology
contents in the mice liver, suggesting that NIR-PAI can serve as a non-
invasive tool for LF diagnosis and pharmacodynamic evaluation. Table 1

Glossary

Gastroenterology and Hepatology.
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