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The role of altered lipid composition and distribution in 
liver fibrosis revealed by multimodal nonlinear optical 
microscopy 
Hao Jia1†, Juan Liu2,3†, Tinghe Fang1, Zhen Zhou1, Ruihong Li2,3, Wenzhen Yin4, Yao Qian5,  
Qi Wang2,3, Wanhui Zhou1, Chang Liu1, Dingcheng Sun1, Xun Chen1, Zheng Ouyang5,  
Jiahong Dong2,3, Yunfang Wang2,3,4*, Shuhua Yue1* 

Intracellular lipid accumulation is commonly seen in fibrotic livers, but its exact role in liver fibrosis remains 
elusive. Here, we established a multimodal nonlinear optical microscopy to quantitatively map distribution of 
biomolecules in fibrotic livers. Our data revealed that unsaturated triglycerides were predominantly accumulat-
ed in central vein area during liver fibrosis but not in portal vein area. Moreover, the lipid homeostasis was re-
markably dysregulated in the late-stage compared to the early-stage fibrosis, including increased unsaturated 
triglycerides with decreased lipid unsaturation degree and decreased membrane fluidity. Such alterations were 
likely due to up-regulated lipogenesis, desaturation, and peroxidation, which consequently led to endoplasmic 
reticulum stress and cell death. Inspiringly, injured hepatocyte could be rescued by remodeling lipid homeosta-
sis via either supply of unsaturated fatty acids or enhancement of membrane fluidity. Collectively, our study 
improves current understanding of the role of lipid homeostasis in fibrosis and open opportunities for 
treatment. 
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INTRODUCTION 
Liver is a highly dynamic and heterogeneous organ composed of the 
functional structural unit, the lobule (1). Blood flow along the 
lobule axis creates gradients of oxygen, nutrients, and hormones, 
known as zonation, which divides the lobule into central vein 
(CV), middle lobule, and portal vein (PV) areas (2, 3). Liver pathol-
ogies often exhibit zonal patterns of phenotypic transformation 
with heterogeneous distribution of essential biomolecules. Thus, 
it is critical to depict a molecular landscape of tissue microenviron-
ment for better understanding of liver disease progression. 

Recurrent liver injury leads to liver inflammation and fibrosis, 
even severe cirrhosis and hepatocellular carcinoma (4, 5). Excessive 
deposition of extracellular collagen fiber is considered to be a hall-
mark of liver fibrosis (5). On the basis of intrinsic signals from col-
lagen crosslinking, second-harmonic generation (SHG) 
microscopy, one of the label-free nonlinear optical (NLO) 
imaging modalities, has been frequently used to quantitatively char-
acterize collagen fiber deposition in liver fibrosis (6–9). Recently, 
the zonal distributions of collagen fibers and dominant pathogenic 
collagen-producing cells in fibrotic liver were uncovered (10, 11). 

Besides extracellular matrix, intracellular neutral lipid accumu-
lation plays a crucial role in the maintenance of lipid metabolism for 
liver function. As a dynamic organelle for the storage of neutral 
lipids, lipid droplet (LD) predominantly stores triglycerides (TGs) 
and cholesteryl esters. Aberrant TG accumulation in LDs was com-
monly seen in various liver pathologies, such as hepatic steatosis 
and fatty liver diseases (12, 13). Specifically, lipid accumulation in 
hepatocytes was found to induce fibrogenic activation of hepatic 
stellate cells (14). Nevertheless, the role of LD accumulation, includ-
ing its chemical composition and zonal distribution, in pathological 
development and progression of liver fibrosis remains elusive. 

Traditionally, LDs are visualized by specific staining, which lack 
compositional information (15). For analysis of lipid composition, 
mass spectrometry and nuclear magnetic resonance spectroscopy 
are commonly used but lack spatial information. Mass spectrometry 
imaging has been invented to map the spatial distribution of bio-
molecules but could hardly achieve subcellular resolution (16). To-
gether, these methods mentioned above cannot provide the 
information regarding LD distribution and composition at the 
same time in intact tissue in situ, which hinders the study of LD 
biology in liver fibrosis. 

Owing to the label-free detection capability, high molecular se-
lectivity, and submicrometer spatial resolution, coherent Raman 
scattering (CRS) microscopy, one of the NLO imaging modalities, 
has shed new light on LD biology (17–22). As one type of CRS mi-
croscopy, coherent anti–Stokes Raman scattering (CARS) micros-
copy has been used to characterize hepatic fat in liver steatosis 
and fibrosis (23–25). However, because of nonresonant back-
ground, CARS microscopy has difficulties in quantitative analysis 
of LD composition. As another type of CRS microscopy, stimulated 
Raman scattering (SRS) microscopy can generate signals intrinsical-
ly free of nonresonant background and linearly proportional to the 
concentration of targeted biomolecules, which greatly facilitates 
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quantitative chemical imaging of lipids at the single cell level in situ 
(18, 26–29). Recently, hyperspectral SRS microscopy was developed 
to quantitatively assess lipids in liver steatosis and hepatocellular 
carcinoma (30, 31). Together, SRS microscopy could provide new 
insights into the role of lipid distribution and composition in 
liver fibrosis. 

Here, we used label-free multimodal NLO microscopy, which in-
tegrated SHG imaging of collagen fibers, SRS imaging of TGs in 
LDs, and two-photon excited fluorescence (TPEF) imaging of auto-
fluorescent metabolites in intact tissues on the same platform, to 
quantitatively map heterogeneous distribution of essential biomol-
ecules in liver fibrosis at the single cell level. We first found the het-
erogeneous distribution of collagen fibers and TGs with different 
unsaturation degrees in the human liver tissues obtained at trans-
plantation for liver injury or cirrhosis. Then, in the widely used 
chronic carbon tetrachloride (CCl4)–induced mouse fibrosis 
model, it was found that as fibrosis progressed, TG accumulation 
was prominently increased in CV area along with collagen fiber 
deposition but almost absent in PV area. Compositional analysis 
showed that the total amount of unsaturated TGs significantly in-
creased, but the lipid unsaturation degree significantly decreased in 
the late-stage compared to the early-stage fibrosis. Meanwhile, by 
mass spectrometry imaging, the unsaturation degree of membrane 
phospholipids was also found to significantly decrease as fibrosis 
progressed. Further, Laurdan staining indicated significantly in-
creased membrane lipid order and decreased membrane fluidity 
in the late-stage fibrosis. To elucidate the mechanism by which 
altered lipid composition affects hepatocyte upon injury, we 
treated the human hepatic HepaRG cells with various types of 
fatty acids (FAs) and revealed that saturated FAs (SFAs) could re-
markably induce LD accumulation with low unsaturation degree 
and solid-like membranes with high lipid order and low fluidity. 
On the basis of RNA sequencing (RNA-seq) data, such disrupted 
lipid and membrane homeostasis could lead to up-regulated endo-
plasmic reticulum (ER) stress and cell death, consistently with fi-
brotic tissues. We demonstrated that cellular processes of injured 
hepatocyte could be normalized by regulating lipid composition 
and membrane fluidity via either supply of protective unsaturated 
FAs (UFAs) or inhibition of SFAs delivery to membranes. Collec-
tively, our work highlights the potential of multimodal NLO mi-
croscopy to uncover biological heterogeneity in liver diseases, 
elucidates the role of altered lipid composition and distribution in 
liver fibrosis, and offers a new way for liver fibrosis treatment. 

RESULTS 
Label-free quantitative imaging of TGs and collagen fibers 
in CV and PV areas during liver fibrosis by multimodal NLO 
microscopy 
The TGs in LDs can be divided into saturated and unsaturated TGs. 
Considering the FA chains in TGs are predominantly oleate (C18:1) 
and linoleate (C18:2), we used glyceryl tristearate (TS) to represent 
saturated TGs, while we used glyceryl trioleate (TO) and glyceryl 
trilinoleate (TL) to represent unsaturated TGs (fig. S1, A to C). 
Among the unsaturated TGs, we designated the number of C═C 
on each FA chain as the lipid unsaturation degree. Specifically, 
the unsaturation degrees of TO and TL are 1 and 2, respectively. 

First, we acquired the SRS spectra of TS, TO, and TL (Fig. 1A) 
and found that these three chemicals produced strong Raman 

characteristic peaks from 2800 to 3050 cm−1, which was commonly 
described as CH region. The corresponding spontaneous Raman 
spectra were shown in fig. S1D. Specifically, we found that all the 
chemicals exhibited distinctive peaks at 2850 cm−1 corresponding 
to the CH2 band. TO and TL exhibited a unique peak at 3010 
cm−1 corresponding to ═C─H band for unsaturated TGs, while 
TS did not. As shown in Fig. 1B, SRS imaging of the three chemicals 
were performed by matching with the CH2 and ═C─H bands. 
Bright-field signals were also taken at the same time (Fig. 1B). To 
quantify the lipid unsaturation degree, seven groups of mixed TG 
emulsions containing different concentration ratios of TO and TL 
were imaged by SRS microscopy (fig. S2A). We found that the SRS 
intensity ratio between the ═C─H band and the CH2 band (I═C ─ H/ 
ICH2) was linearly proportional to the lipid unsaturation degree 
(Fig. 1C). Meanwhile, we also demonstrated that SHG can be 
used to visualize collagen fibers on the same microscope (fig. S2B). 

Next, we performed spontaneous Raman spectral analysis of in-
dividual LDs accumulated in liver fibrotic tissues. As shown in fig. 
S3A, the spectra of intracellular LDs were nearly identical to the 
spectrum of pure chemicals, with characteristic bands of CH2 
bending mode at 1442 cm−1, ester C═O band at 1745 cm−1, and 
CH2 symmetric stretching band at 2850 cm−1. Unsaturated TGs 
showed prominent C═C band at 1655 cm−1 and ═C─H band at 
3010 cm−1. The autofluorescent granules in fibrotic tissues 
showed bands for lipid (1200 to 1800 cm−1), amide I band at 
1655 cm−1, phenylalanine at 1000 cm−1, and CH3 symmetric 
stretching band of protein at 2930 cm−1 but lacked the characteristic 
ester C═O band at 1745 cm−1. The corresponding assignments of 
Raman peaks are listed in table S1 (32–34). As shown in fig. S3 (B 
and C), the SRS spectra of individual LDs in CH region were also 
obtained. 

Then, we performed multimodal NLO imaging of fibrotic liver 
tissue slices. Pairs of neighboring slices were sectioned, with one 
slice stained with hematoxylin and eosin (H&E) and the other re-
mained unstained for multimodal NLO imaging (Fig. 1D). Mor-
phologically, the SRS images provided information almost 
identical to that from the adjacent slices stained with H&E, which 
could identify the lobule with the same location. By tuning the laser 
wavelength to be resonant with CH2 band at 2850 cm−1, substantial 
SRS signals arose from lipid-rich cell membranes and intracellular 
LDs, whereas weak SRS signals were derived from lipid-poor cell 
nuclei (Fig. 1E and fig. S4). By tuning the laser wavelength to be 
resonant with ═C─H band at 3010 cm−1, SRS signal of lipid mem-
brane became more intense relatively to that taken from the CH2 
band at 2850 cm−1 (Fig. 1E and fig. S4). As shown in figs. S5 and 
S6, we used the SRS image of CH2 band to extract total TGs and the 
SRS image of ═C─H band to extract unsaturated TGs. Subtracting 
the amount of unsaturated TGs from the amount of total TGs re-
sulted in the amount of the saturated TGs. Furthermore, lipid un-
saturation degree of the unsaturated TGs was quantified on the basis 
of the calibration curve shown in Fig. 1C. Meanwhile, by integrating 
SHG on the same microscope, the zonal distribution of collagen 
fibers was observed across the lobule. As shown in the merged 
image in Fig. 1E, the collagen fiber deposition and TG accumulation 
were notably higher in CV area than that in PV area, and they oc-
curred accompanied with each other. These data together demon-
strated that multimodal NLO imaging could reveal molecular 
zonation of extracellular collagen fibers and intracellular lipids in 
unstained fibrotic tissue in situ. 
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Fig. 1. Label-free quantitative multimodal NLO imaging of TGs and collagen fibers in pure chemicals and fibrotic liver tissues. (A) SRS spectra of TS, TO, and TL in 
CH vibrational region. a.u., arbitrary units. (B) SRS and bright-field imaging of TS, TO, and TL at CH2 band (2850 cm−1) and ═C─H band (3010 cm−1), respectively. Scale 
bars, 20 μm. (C) Calibration curve of lipid unsaturation quantification. SRS intensity ratio I═C ─ H/ICH2 = 0.2 × unsaturation degree + 0.1. Error bars represent SD (n = 3). (D) 
Liver tissue sectioning process and the zonation of liver lobule. Immunofluorescence of CV marker Cyp2e1 (green color) and PV marker E-cadherin (red color). Cell nuclei 
were stained by DAPI (blue color). Scale bar, 50 μm. (E) Multimodal NLO imaging of CV and PV area in intact liver tissue. Saturated (Sat) TGs, unsaturated (unSat) TGs, 
collagen fibers and lipid unsaturation degree are shown in magenta, green, yellow, and fire colors, respectively. Blue dashed lines mark magnified areas. Scale bar in large- 
scale images, 50 μm. Scale bar in magnified images, 20 μm. H&E, hematoxylin and eosin. 
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Heterogeneous distribution of collagen fibers and TGs with 
different unsaturation degree in human pathological 
liver tissues 
By using the multimodal NLO microscopy, we quantitatively 
mapped the distribution of collagen fibers and different types of 
lipids simultaneously in the human liver tissue specimens obtained 
at transplantation for liver injury or cirrhosis (table S2). Although 
the zonal difference between CV and PV areas in the cirrhosis spec-
imens became less pronounced, with partial to complete loss of zo-
nation and lobular structure, we still found a heterogeneous 

distribution of lipids and collagen fibers. As shown in Fig. 2 and 
figs. S7 to S10, the vessel-like structures were surrounded by abun-
dant collagen fibers and lipids. The lipid components, including 
saturated/unsaturated TGs and lipofuscins, which are autofluores-
cent lipid peroxidation products, were heterogeneously distributed 
(Fig. 2F). It should be noted that lipid accumulation seemed to 
occur accompanied with the collagen fiber deposition. However, 
the molecular distribution was heterogeneous among different 
specimens, probably due to the different stage of disease progres-
sion for each patient. These results suggest that the zonal patterns 

Fig. 2. Heterogeneous distribution of lipids and collagen fibers in human liver tissues. (A) H&E image of human liver samples from patient no.1. The magnified area 
indicates the imaging region of adjacent slice. (a) to (d) represent different regions of interest. (B) SRS imaging of the CH2 band (red color). Scale bar, 200 μm. (C) SRS 
imaging of the ═C─H band (green color). Scale bar, 200 μm. (D) TPEF imaging of the autofluorescent granules, lipofuscin (cyan color). Scale bar, 200 μm. (E) SHG imaging 
of the collagen fibers (yellow color). Scale bar, 200 μm. (F) The merge image of Sat TGs (magenta color), unSat TGs (green color), lipofuscin (cyan color), and collagen fibers 
(yellow color) in human liver tissue. Scale bar, 200 μm. (a) to (d) represent different regions of interest. Scale bar, 50 μm. 
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of collagen fibers and lipids may be potential biomarkers to assess 
liver fibrosis progression. 

Alteration in TG distribution during liver fibrosis 
To investigate the zonal distribution of TGs during fibrosis devel-
opment, a widely used CCl4-induced mouse centrilobular fibrosis 
model that could reproduce major characteristics of human liver fi-
brosis (35–37) was established. Liver tissues harvested from CCl4- 
treated mice at specific time points on weeks 0, 2, 4, 6, 8, and 12 
were analyzed (Fig. 3A and fig. S11). All lobule examinations 
were confirmed by the H&E sections (fig. S12A). Representative 
multimodal NLO images were shown in Fig. 3B and fig. S12B. 
The magnified images (Fig. 3B) showed that the accumulations of 
both collagen fibers and TGs were accompanied with each other. 
Quantitative analysis showed that collagen fiber deposition in CV 
area increased rapidly and significantly as the fibrosis progressed 
(Fig. 3C). At week 12, the amount of collagen fiber was found to 
be ~15%, significantly higher by ~5-fold compared to the control 
group. In PV area, the deposition of collagen fiber did not increase 
significantly until week 12 (Fig. 3C). From week 6, the amount of 
collagen fibers in CV area was significantly greater than that of PV 
area at various time points of fibrosis (table S3). Along with collagen 
fiber deposition, TG amount in CV area also accelerated signifi-
cantly and even reached by ~14-fold in week 12 compared to the 
control group, while almost absent in PV area (Fig. 3C). There 
were also obvious differences between CV and PV areas at various 
time points of fibrosis from week 2 (table S4). These data collectively 
revealed a hidden signature of liver fibrosis, that is, zonal pattern of 
TG accumulation in fibrotic liver, which suggests that molecular zo-
nation of TGs is closely associated with the development and pro-
gression of liver fibrosis. 

Alteration in TG composition during liver fibrosis 
Not only the distribution but also the composition of TGs was 
found to change during fibrosis. The proportion of unsaturated 
TGs in CV area significantly increased as fibrosis progressed 
(Fig. 3D and table S5). Specifically, there were ~97% saturated 
TGs at week 0, which almost all converted to unsaturated TGs at 
week 12 (~94%). Because the amount of TGs in PV area was very 
limited, the composition of TG in PV area was not further analyzed. 
Together, the amount of TGs, more specifically unsaturated TGs, 
significantly increased in CV area during fibrosis but not in PV 
area, suggesting that the zonated lipid unsaturation is closely asso-
ciated with fibrosis development. 

Within the unsaturated TGs in CV area, we then sought to elu-
cidate how exactly the lipid unsaturation degree changed as fibrosis 
progressed. According to the established method in Fig. 1, the lipid 
unsaturation degree was quantitatively mapped in the fibrotic 
tissues (Fig. 4A). Because of the very low amount of unsaturated 
TG, the lipid unsaturation degree was not analyzed in the control 
group. Our data found that the lipid unsaturation degree showed 
a relatively high level of ~2 at weeks 2 and 4, and decreased to the 
level of ~0.5 at week 6 and thereafter (Fig. 4B). To explore why the 
unsaturation degree changed, we quantitatively analyzed composi-
tion of individual LDs. It was found that most of the LDs had lipid 
unsaturation degree above 1 at weeks 2 and 4, and a new population 
appeared with lipid unsaturation degree lower than 1 from weeks 6 
to 12 (Fig. 4, C and D). We speculated that the emergence of such 
new population might be due to greater proportion of SFA chains 

relative to UFA chains, which were responsible for the decreased 
lipid unsaturation degree in the late-stage liver fibrosis. Along 
with the decreased lipid unsaturation degree in CV area, we also 
found some intracellular autofluorescent granules from week 2, 
which were probably lipofuscins, lipid peroxidation products 
(Fig. 4E). Quantitative analysis showed that lipofuscin accumulation 
in CV area significantly increased and reached by ~4-fold in week 
12 compared to week 2 of fibrosis (Fig. 4F). Together, our data 
suggest that the alteration of TG composition might play an impor-
tant role in liver fibrosis. 

Next, we conducted the gene ontology (GO) analysis of three 
public transcriptomic datasets [available in Gene Expression 
Omnibus (GEO) with the accession IDs GSE214119, GSE207855, 
and GSE205540 (38)] at different stages of CCl4-induced liver fibro-
sis. As shown in fig. S13, the genes related to FA desaturation, in-
cluding stearoyl–coenzyme A (CoA) desaturase 2 and FA desaturase 
3, were significantly up-regulated in fibrotic liver. Furthermore, 
since polyunsaturated FAs (PUFAs) were considered to be the 
major substrates for lipid peroxidation, we hypothesized that the in-
creased lipofuscinogenesis might be due to the increased lipid per-
oxidation in the late-stage fibrosis. To test this hypothesis, we 
performed immunohistochemistry (IHC) on malondialdehyde 
(MDA), a secondary product of lipid peroxidation and found an 
evident increase of MDA accumulation, which was significantly 
more prominent in CV area than that in PV area, in the late-stage 
fibrosis (fig. S14). The GO analysis also indicated up-regulation of 
the genes related to oxidative stress (e.g., transforming growth 
factor-β). Together, our data imply that lipid desaturation and 
lipid peroxidation are very likely to promote liver fibrosis. 

Association of TG composition with phospholipid 
composition and membrane fluidity that consequently 
links to ER stress in liver fibrosis 
Considering LDs are involved in the maintenance of membrane ho-
meostasis (39), we speculated that membrane lipid composition 
could be changed along with the altered TG composition during 
liver fibrosis. To test the hypothesis, we conducted mass spectrom-
etry imaging of phosphatidylcholines (PCs), which account for 
>50% of the phospholipids in most eukaryotic membranes. Quan-
titative analysis showed that the unsaturation degree of PCs signifi-
cantly decreased as fibrosis progressed (fig. S15, Fig. 5A, and table 
S6), which was consistent with the alteration in TG composition. 
Specifically, at week 12, the proportion of low unsaturation degree 
(<2) in PCs was found to be ~75%, significantly higher by ~3-fold 
compared to the early-stage fibrosis. 

To find out how the compositional changes of TGs could influ-
ence membrane phospholipid composition, we performed IHC on 
liver FA binding protein 1 (FABP1), a lipid “chaperone” known to 
regulate mobility of FAs and have higher affinity to SFAs compared 
to UFAs (40, 41). As shown in Fig. 5B, FABP1 was up-regulated 
during fibrosis, which might promote efficient delivery of FAs 
with lower unsaturation degree to the membrane and further 
change phospholipid composition. 

Lipid composition has been shown to affect physical phase of 
lipids on cellular membranes in various disease (42). Lipid 
domains in different phase states have different packing and fluidity. 
For example, lipids with low unsaturation degree result in the 
ordered phase, which makes lipids tight packing and membranes 
less fluid (43, 44). To address whether the alteration of membrane 
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Fig. 3. Multimodal NLO imaging of TGs and collagen fibers in CV and PV areas of mouse fibrotic liver tissues. (A) CCl4-induced liver injury mouse model (top). Sirius 
Red staining images of liver tissue sections at various time points in CCl4 fibrosis model (bottom). Scale bar, 100 μm. (B) The multimodal NLO images of total TGs (red 
color), Sat TGs (magenta color), unSat TGs (green color), and collagen fibers (yellow color) in mouse fibrotic liver tissues. The corresponding H&E images of the neigh-
boring slices were also shown. Top, CV area; bottom, PV area. Scale bars in large-scale images, 100 μm. Scale bars in magnified images, 20 μm. (C) Quantitative analysis of 
TG amount and collagen fiber amount in CV and PV areas at various time points. Error bars represent SD. The Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001. (D) The 
TG composition in CV area, including Sat and unSat TGs. 
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lipid composition could affect lipid order and membrane fluidity 
during fibrosis, we conducted 6-lauryl-2-dimethylamino-naptha-
lene (Laurdan) staining on fibrotic liver tissues. Laurdan, a polari-
ty-sensitive membrane probe, can provide a quantitative readout of 
the relative order of the lipids based on shifts in the emission spectra 
profiles generated by probe binding to ordered versus disordered 
phases of the membrane (45, 46). Laurdan staining has been 
widely used for quantitative assessment of membrane lipid order 

in a variety of biological specimens (45, 46). Specifically, the param-
eter called generalized polarization (GP) is a commonly used proxy 
for membrane physical properties, with higher values reporting 
higher lipid order and less membrane fluidity. As the GP images 
shown in Fig. 5C, the membrane lipid order of the liver tissue in 
late-stage fibrosis was higher than that in control and early-stage 
fibrosis. Statistical analysis of GP values further indicated 

Fig. 4. Lipid desaturation and peroxidation in CV area during fibrosis. (A) SRS imaging (CH2 band at 2850 cm−1) of CV area (top, red color) and the quantitative 
mapping of lipid unsaturation degree (bottom, fire color) at various time points of fibrosis. Scale bar, 100 μm. (B) Quantification of lipid unsaturation degree at various 
time points. Error bars represent SD. The Student’s t test, *P < 0.05 and **P < 0.01. (C) Correlation analysis of LD size and lipid unsaturation degree. The gray dashed line 
indicates the unsaturation degree of 1. (D) The lipid unsaturation degree of LDs in CV area at various time points. Cyan color, unsaturation degree > 1; yellow color, 
unsaturation degree ≤ 1. (E) TPEF imaging of the autofluorescent granules, lipofuscin (cyan color). Scale bar, 50 μm. (F) Quantification of lipofuscin at various time points. 
Error bars represent SD. The Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Fig. 5. The analysis of phospholipid composition, membrane fluidity, gene, and protein expressions in fibrotic liver tissues. (A) The composition of PC with 
different unsaturation degrees. (B) IHC of FABP1 at various time points of fibrosis (brown color). Scale bar, 100 μm. (C) Representative Laurdan images of membrane 
lipid order in fibrotic liver tissues at weeks 0, 2, and 12. Merged mean intensity and rainbow red-green-blue (RGB) pseudocolored generalized polarization (GP) images are 
shown. Red colors indicate high membrane order and less membrane fluidity, whereas blue colors indicate low membrane order and high membrane fluidity. Scale bar, 
50 μm. (D) Distribution of the GP values in fibrotic liver tissues in (C). The histograms for fibrotic liver tissues at week 12 were shifted to high GP values. (E) IHC of GRP78 at 
various time points of fibrosis (brown color). Scale bar, 100 μm. (F) IHC of caspase-3 at various time points of fibrosis (brown color). Scale bar, 100 μm. (G) Reactome 
pathway–based gene set enrichment analysis showing pathways up-regulated at different time points of CCl4-induced liver fibrosis from three public transcriptomic 
datasets. Accession IDs of GSE214119, GSE207855, and GSE205540 represent CCl4-induced liver fibrosis at weeks 4, 6, and 8, respectively. Red colors indicate P value less 
than 0.05, whereas gray colors indicate P value greater than 0.05. caspase-3, cysteine-aspartic acid protease. 
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significantly increased lipid order and decreased membrane fluidity 
in the late-stage fibrosis (Fig. 5D). 

Given that low lipid unsaturation degree and high membrane 
lipid order could induce ER stress (47, 48), we next conducted 
IHC on 78-kDa glucose-regulated protein (GRP78), one of the ER 
stress markers, and found that GRP78 was up-regulated during fi-
brosis (Fig. 5E). Furthermore, since ER stress could induce cell ap-
optosis, we then performed IHC on cysteine-aspartic acid protease 
(caspase-3), a key enzyme of cell apoptosis, and found an evident 
increase of caspase-3 expression during fibrosis (Fig. 5F). 

Furthermore, the GO analysis of three public transcriptomic da-
tasets [available in GEO with the accession IDs GSE214119, 
GSE207855, and GSE205540 (39)] revealed extensive up-regulation 
of molecular pathways correlated with lipid metabolism, oxidative 
stress, ER stress, and cell apoptosis, in fibrotic liver compared to 
control liver (Fig. 5G and fig. S13). Specifically, up-regulated lipid 
metabolism pathways mainly included UFA biosynthetic process, 
phospholipid biosynthetic process, cellular response to FA, and 
superoxide metabolic process. These data were consistent with 
our multimodal NLO imaging, Laurdan staining, and IHC results. 
Together, these findings unravel the association of TG composition 
with phospholipid composition and membrane fluidity that conse-
quently links to ER stress in liver fibrosis. 

Induction of solid-like membrane and subsequent ER stress 
by SFA stimulus in hepatocyte 
Liver fibrosis has been shown to promote de novo lipogenesis (49). 
To investigate which type of FAs contributes to the alteration of TG 
composition and membrane fluidity, we treated human hepatic cell 
line HepaRG with a panel of FAs of different unsaturation degree, 
including palmitate acid (PA; 16:0), oleic acid (OA; 18:1), and eico-
sapentaenoic acid (EPA; 20:5), to represent SFA, monounsaturated 
FA, and PUFA, respectively. In particular, for observation of newly 
synthesized lipids by PAs, we used deuterium-labeled PAs (PA-d31), 
which exhibited distinctive peak for C─D band around 2107 cm−1. 
Consistent with previous studies (44, 50), we found that PAs pro-
moted the formation of not only TGs in LDs but also solid-like 
membrane structures. These newly synthesized TGs in PA treat-
ment group were nearly all saturated, and the solid-like membrane 
structures showed significantly higher membrane lipid order rela-
tive to the control group (Fig. 6, A and B). On the contrary, both 
OAs and EPAs incorporated into TGs rather than membrane 
lipids (fig. S16A). Quantitatively, the total TGs and unsaturated 
TGs were markedly increased after OA or EPA treatment compared 
to the control and PA treatment groups, and OA treatment group 
showed the greatest TG and unsaturated TG accumulation (fig. S16, 
B to D). The unsaturation degree of TGs in EPA treatment group 
was significantly higher than the OA treatment group (fig. S16E). 
Neither OAs nor EPAs altered the membrane lipid order compared 
to the control (fig. S16A). It needs to be mentioned that the red 
spot–like structures in GP images of cells treated with OAs and 
EPAs (fig. S16) were actually LDs, confirmed in fig. S17. In this 
work, we focused on the order of membrane lipids rather than 
LDs, so the GP values of LDs were excluded from the analysis. 
These results together indicate that the SFA stimulus could 
promote saturated TG accumulation in LDs and induce solid-like 
membranes with higher order and less fluidity in hepatocytes. 

Next, to reveal the involved gene regulatory pathways, we carried 
out RNA-seq transcriptomic analysis on HepaRG cells treated with 

or without PAs. As shown in fig. S18C and Fig. 6C, for PA-treated 
cells compared to the control, the genes related to liver injury 
(FGF21 and MFSD2A) were up-regulated, while the genes related 
to cytoskeleton remodeling (MPDZ, RDX, and IQGAP1), cell adhe-
sion (AMIGO2, FAT4, and TMOD3), DNA repair (MSH2), and cell 
cycle progression (CDK6, CCND1, BUB1B, and ECT2) were down- 
regulated. Notably, ER stress–related genes, such as ATF4, STC2, 
JUN, XBP1, DDIT3, CXCL8, and ATF3, and cell death–related 
genes, including CDKN1A, PMAIP1, BBC3, TRIB3, and 
GADD45A, were all up-regulated (Fig. 6C), consistent with the 
results in fibrotic tissues. In terms of lipid metabolism–related 
genes, it was found that the gene related to TG homeostasis 
(ANGPTL4) was up-regulated, while the genes related to membrane 
lipid organization (CAV1), calcium-dependent phospholipid 
binding (C2CD5), and transmembrane transporter activity 
(SLC26A2, SLC39A6, and SLC4A7) were down-regulated 
(Fig. 6C), in PA-treated cells. 

Collectively, these data suggest that SFA treatment on hepatocyte 
may be an appropriate model to mimic the dysregulated lipid ho-
meostasis in liver fibrotic tissues. SFA stimulus could induce dysre-
gulation of lipid homeostasis in hepatocyte, which further leads to 
ER stress and cell death. 

Normalization of lipid homeostasis and cellular processes 
in injured hepatocyte by regulating lipid composition and 
membrane fluidity 
We lastly explored the impact of regulating TG composition and 
membrane fluidity on cellular processes in injured hepatocytes. 
We first supplied PA-treated hepatocytes with extra OAs or EPAs 
and found remarkable conversion from solid-like membrane struc-
tures to TGs (Fig. 7A). On the basis of Laurdan staining, GP values 
of the membrane lipids in the cotreatment groups (PA + OA and 
PA + EPA) were both significantly reduced compared to the PA 
alone group, suggesting that the PA-induced solid-like membrane 
with high lipid order could be normalized by UFAs in hepatocytes. 
Meanwhile, the amounts of TGs in PA + OA and PA + EPA groups 
were both significantly increased relative to the PA alone group 
(Fig. 7B), suggesting that UFAs could facilitate SFA incorporation 
into LDs to prevent from lipotoxicity in hepatocytes. For TG com-
position, both cotreatment groups were shown to significantly in-
crease the amount of unsaturated TGs compared to the PA alone 
group (Fig. 7, C and D), and the lipid unsaturation degrees were 
also significantly higher in the cotreatment groups than the PA 
alone group (Fig. 7E). 

Next, we tested whether lipid homeostasis can be normalized by 
suppressing the delivery of SFAs to membranes. We treated the 
SFA-injured hepatocytes with the inhibitor of FABP, BMS-309403 
(BMS), and also observed evident increase of membrane fluidity 
and TG accumulation (Fig. 7A). The Laurdan staining images 
showed that cotreatment SFA with BMS (PA + BMS) significantly 
decreased the membrane lipid order compared to the PA alone 
group (Fig. 7A). Meanwhile, the amounts of TGs and unsaturated 
TGs and the lipid unsaturation degree in PA + BMS group were all 
significantly increased compared the PA alone group (Fig. 7, B to E). 
Notably, BMS alone did not alter the TG accumulation or mem-
brane lipid order compared to the control group (fig. S16, A to E). 

Last, we carried out RNA-seq transcriptomic analysis on the cells 
treated with PA alone, PA + OA, and PA + BMS (fig. S18). As shown 
in Fig. 7F, it was found that the genes related to lipid biosynthesis, 
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such as INSIG1, FASN, LDLR, and LRP1/5, were down-regulated in 
the PA + OA group, suggesting that the cells did not require much 
lipogenesis upon exogenous supplementation of UFAs. Moreover, 
the down-regulation of cellular apoptosis–related gene CASP2 indi-
cated reduced cell death upon UFA supply. In terms of the 
PA + BMS group, the genes related to lipid modifying enzyme 
(SMPDL3B), transforming growth factor (GDF15), peroxidation 
(GPX1), and lipolysis (MGLL) were down-regulated (Fig. 7G). 
Several membrane lipid–related genes were up-regulated, for 
example, GPAT3 for TG synthesis, ATP8B1, LPGAT1, LPIN1, 
SELENOI, CPNE3, PIKFYVE, PLEKHA1, SNX2, and ITPR2 for 
glycerophospholipid metabolism, LPAR1 and LIPH for lysophos-
phatidic acid metabolism, and C2CD5, CEP97, and PLSCR4 for 

ion homeostasis. Furthermore, cytoskeleton remodeling 
(IQGAP1, MPDZ, and RDX)–, cell adhesion (CGNL1 and FER)–, 
and cell cycle progression (CDK6, CDC14A, CDC7, and CEP57)– 
related genes were also up-regulated (Fig. 7G) in the PA + BMS 
group. These transcriptomic findings support that UFA and BMS 
could normalize lipid homeostasis and cellular processes in 
injured hepatocyte by regulating lipid composition and membrane 
fluidity. 

DISCUSSION 
Through integrated analyses of injured liver tissues from patients, 
liver fibrotic tissues from mouse model, and cell line by multimodal 

Fig. 6. The effects of PA stimulus on lipid homeostasis and cellular processes in hepatocytes. (A) The SRS images of Sat TGs (magenta color), unSat TGs (green color), 
newly synthesized TGs (cyan color), and Laurdan images (RGB pseudocolor) in HepaRG cells treated with or without PAs for 4 hours. In merged mean intensity and 
rainbow RGB pseudocolored GP images, red colors indicate high membrane order and less membrane fluidity, whereas blue colors indicate low membrane order 
and high membrane fluidity. White color arrowheads indicate newly synthesized LDs. Yellow color arrowheads indicate newly synthesized solid-like membrane structures. 
Scale bar, 20 μm. (B) Distribution of the GP values in cells treated with or without PAs. The histograms for PA-treated cells are shifted to high GP values. (C) Heatmap 
showing expression of differentially expressed genes in cells treated with or without PAs. ATPase, adenosine triphosphatase. 
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Fig. 7. The effect of UFA and FABP inhibitor BMS on lipid homeostasis and cellular processes in injured hepatocytes. (A) The SRS images of Sat TGs (magenta 
color), unSat TGs (green color), newly synthesized TGs (cyan color), and Laurdan images (RGB color) in HepaRG cells treated with PA, cotreated with OA and PA, cotreated 
with EPA and PA, and cotreated with BMS and PA. Cells in the groups of PA, PA + OA, and PA + EPA were treated for 4 hours. Cells in the group of PA + BMS were treated 
with BMS for 24 hours during concomitant incubation with PA for 4 hours. (B) Quantitative analysis of total TG amount. (C) Quantitative analysis of unsaturated TG 
amount. (D) Quantitative analysis of TG composition. (E) Quantitative analysis of lipid unsaturation degree. The Student’s t test in (B) to (E), *P < 0.05, **P < 0.01, and 
***P < 0.001. Error bars represent SD. (F) Heatmap showing expression of differentially expressed genes in cells treated with PA and cells treated with PA + OA. (G) 
Heatmap showing expression of differentially expressed genes in cells treated with PA and cells treated with PA + BMS. n.s., not significant. 
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NLO imaging, mass spectrometry imaging, Laurdan staining, IHC, 
and RNA-seq transcriptomics, we have revealed essential roles of 
altered lipid composition and distribution in liver fibrosis. LD ac-
cumulation is known to be a hallmark of various liver pathologies; 
however, the role of LD accumulation, including its chemical com-
position and zonal distribution, in liver fibrosis remains unknown. 
In this study, we found the heterogeneous accumulation of LDs, pri-
marily composed of TGs, in CV area but not in PV area, along with 
collagen fiber deposition in liver fibrosis. The lipid composition was 
remarkably changed in the late-stage compared to the early-stage 
fibrosis, including the increased amount of unsaturated TGs, the de-
creased lipid unsaturation degree of both unsaturated TGs and 
phospholipids, and the increased membrane lipid order, which to-
gether dysregulated lipid and membrane homeostasis. Such alter-
ations could be due to up-regulated lipogenesis, desaturation, 
transport, and peroxidation, which consequently led to ER stress 
and cell death. Further cellular studies revealed that SFA stimulus 
could induce LD accumulation with low unsaturation degree and 
solid-like membranes with high lipid order and low fluidity, consis-
tent with fibrotic tissues. Inspiringly, the remodeling of lipid com-
position and membrane fluidity were capable to normalize cellular 

processes of injured hepatocyte by either supply of protective UFAs 
or enhancement of membrane fluidity. As discussed below, these 
findings improve current understanding of the role of lipid homeo-
stasis in fibrosis and open opportunities for treatment of liver 
fibrosis. 

First, our study offers a great platform to study heterogeneous 
distribution of biomolecules in situ at the single cell level. Liver zo-
nation is considered to confer optimality for liver function, which 
plays an important role in liver physiology and pathology. Our work 
used a label-free multimodal NLO imaging platform, which inte-
grated SRS, SHG, and TPEF, to study heterogeneous distribution 
of essential biomolecules, including TG, collagen fiber, and lipofus-
cin, in intact liver tissues. Such multimodal imaging platform could 
depict a molecular landscape of tissue microenvironment in situ 
without any processing or exogenous labeling, which allowed us 
to gain new insight into the development and progression of liver 
diseases. Few existing methodologies can provide quantitative visu-
alization of both molecular amount and compositional information 
at the single-cell level noninvasively. We expected that this multi-
modal microscopy could facilitate the discovery of zonal patterns 
of essential biomolecules in multiple liver diseases. 

Fig. 8. Schematic of the proposed working model. CCl4 stimulus on hepatocyte induces injury and ER stress, which further promotes lipogenesis, especially the initial 
product PAs. Owing to the up-regulated desaturation, some of the PAs are metabolized to UFAs, which, in turn, facilitate incorporation of PAs together into TGs and 
increase accumulation of LDs for prevention from lipotoxicity. Unfortunately, overwhelming PAs cannot be timely desaturated, which results in the decreased unsatura-
tion degree of unsaturated TGs. Meanwhile, with the assistance of FABPs, excessive PAs that cannot be incorporated into LDs deliver to membranes, which further leads to 
the increased membrane lipid order and decreased membrane fluidity. Supplementation of UFAs can enhance incorporation of PAs into LDs, which increases lipid un-
saturation degree, reduces membrane lipid order, increases membrane fluidity, and eventually rescues cells from toxicity and stress. Suppression of PA delivery to mem-
branes by BMS can reduce membrane lipid order and increase membrane fluidity and, in the meanwhile, promotes LD accumulation via up-regulated TG synthesis and 
down-regulated lipolysis, which eventually ameliorates cellular processes. 
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Second, our study uncovers the role of altered lipid distribution 
in liver fibrosis. Although aberrant TG accumulation is commonly 
seen in liver diseases (12) and the lipid zonal location has been 
shown to be strongly related to histological features of nonalcoholic 
fatty liver disease (16, 51), the zonal distribution of TG and its path-
ological significance in fibrotic liver remain unknown. Our imaging 
data revealed that TG accumulation was significantly increased in 
CV area, along with collagen fiber deposition, but almost absent 
in PV area. The rapid accumulation of TGs in CV area implies 
that CV may be the first area affected by fibrotic liver injury. 
These results indicate that molecular zonations of TGs and collagen 
fibers are closely associated with the development and progression 
of liver fibrosis, which has not been previously documented. The 
heterogeneous distribution of lipids and collagen fibers was also 
found in fibrotic livers in patients. Together, these findings 
suggest that the zonal patterns of lipids and collagen fibers could 
serve as valuable biomarkers for assessment of liver fibrosis 
progression. 

Third, our study unravels the role of altered lipid composition in 
liver fibrosis. Although lipid accumulation has become a character-
istic of liver fibrosis, whether and how the lipid composition 
changes during fibrosis is not known. CCl4 stimulus could induce 
ER stress (52, 53), which could further promote lipogenesis (54–56). 
As the initial product of lipogenesis, PA (C16:0) is desaturated and 
elongated to produce FA molecules with different unsaturation 
degrees and chain lengths (57). SFAs and UFAs are together ester-
ified to TGs, in which FA chains are predominantly oleate (C18:1) 
and linoleate (C18:2), and then incorporated into LDs. In this work, 
we found a series of changes of lipid composition in the late-stage 
relative to the early-stage fibrosis, which are the increased amount 
of unsaturated TGs with decreased lipid unsaturation degree, the 
increased lipid peroxidation products, the decreased unsaturation 
degree of phospholipids, and the increased membrane lipid order. 
By integration of our imaging data with biochemical and molecular 
biology methods, we elucidate one of the possible mechanisms un-
derlying these findings, as shown in Fig. 8. Specifically, the CCl4 
stimulus on hepatocyte induces injury and ER stress, which 
further promotes lipogenesis, especially the initial product PAs. 
Owing to the up-regulated desaturation, some of the PAs are metab-
olized to UFAs, which, in turn, facilitate incorporation of PAs to-
gether into TGs and increase accumulation of LDs for prevention 
from lipotoxicity. This explains why the amount of unsaturated 
TGs is increased during fibrosis. Unfortunately, in the late-stage fi-
brosis, overwhelming PAs cannot get desaturated in a timely 
manner, which may explain why the unsaturation degree of unsat-
urated TGs is decreased. Meanwhile, with the assistance of FABPs, 
excessive PAs that cannot be incorporated into LDs deliver to mem-
branes. This may explain why, in fibrosis, the unsaturation degree of 
phospholipids is decreased, which further leads to the increased 
membrane lipid order and decreased membrane fluidity. Mean-
while, PUFAs also act as primary substrates for lipid peroxidation, 
which is a characteristic of oxidative stress in fibrosis. These dysre-
gulated lipid and membrane homeostasis in turn promote ER stress 
and cell death, which creates a vicious circle. Of course, we cannot 
exclude other possibilities that may also contribute to the alteration 
of lipid composition in liver fibrosis, for instance, the relationship 
between hepatic insulin sensitivity and SFA fraction (58). Collec-
tively, we elucidate the mechanism and significance of altered 
lipid composition in liver fibrosis. 

Last, our study heralds the potential of regulating lipid homeo-
stasis for liver fibrosis treatment. Liver fibrosis is a key factor for 
liver disease progression and hepatocellular carcinoma develop-
ment. While many strategies have emerged to inhibit the develop-
ment of liver fibrosis, including anti-inflammation, inhibition of 
hepatic stellate cell activation, and acceleration of extracellular 
matrix degradation, no approved therapy exists for liver fibrosis 
yet (59). Thus, there is an unmet need of novel therapies for liver 
fibrosis. Recently, reprogrammed FA metabolism has been targeted 
for liver fibrosis treatment, such as activation of FA oxidation and 
inhibition of acetyl-CoA carboxylase, rate-limiting step of de novo 
lipogenesis (49). In this work, we demonstrated two strategies for 
remodeling of lipid homeostasis to normalize cellular processes in 
injured hepatocyte (Fig. 8). First, supplementation of UFAs, espe-
cially OAs, can enhance incorporation of PAs into LDs, which in-
creases lipid unsaturation degree, reduces membrane lipid order, 
increases membrane fluidity, and eventually rescues cells from tox-
icity and stress. Second, suppression of PA delivery to membranes 
by BMS, a small-molecule inhibitor for FABPs, can reduce mem-
brane lipid order and increase membrane fluidity and, in the mean-
while, promotes LD accumulation via up-regulated TG synthesis 
and down-regulated lipolysis, which eventually ameliorates cellular 
processes. FABPs have become potential drug targets for multiple 
metabolic diseases (60). Together, this work offers potential thera-
peutic strategies to break the vicious circle between lipids and stress 
in liver fibrosis. 

In summary, with the superior capability of quantitative chem-
ical imaging, our multimodal imaging method revealed signature 
zonal pattern and dysregulated lipid composition of TGs in fibrotic 
liver, which have not been documented before. Integrative analyses 
further extend the understanding of dysregulated lipid homeostasis 
in liver fibrosis. Furthermore, this study may open new opportuni-
ties for liver fibrosis treatment by remodeling lipid homeostasis. 

MATERIALS AND METHODS 
Clinical sample 
This study was approved by an institutional review board. The liver 
tissues were obtained from patients at transplantation for liver 
injury or cirrhosis in Beijing Tsinghua Changgung Hospital. The 
specimens were then snap-frozen in liquid nitrogen and stored in 
−80°C until further use. 

Mouse model 
All animal procedures were performed according to protocols ap-
proved by the Institutional Animal Care and Use Committee. Wild- 
type 6- to 8-week-old male adult C57BL/6J mice were obtained from 
Beijing Vital River Laboratory Animal Technology Company and 
were raised under standard pathogen-free conditions. All animal 
experiments were performed in accordance with the principles of 
care and use of laboratory animals. Intraperitoneal injection of a 
1:1 mixture of CCl4 with vegetable oil was administered twice a 
week at a dose of 0.5 μl/g for up to 12 weeks to induce liver fibrosis. 
The mice were euthanized on weeks 0, 2, 4, 6, 8, and 12 after treat-
ment (n = 3 for each group). Liver tissues were harvested and snap- 
frozen in liquid nitrogen or embedded by paraffin until further use. 
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Tissue preparation 
For each tissue specimen, pairs of neighboring slices were sectioned, 
with one slice (20 μm) remained unstained for multimodal NLO 
imaging and the other (5 μm) stained with H&E. A trained pathol-
ogist identified the CV and PV areas of each sample. The H&E slices 
were used to identify the same lobules for NLO imaging. Each un-
stained tissue slice was sandwiched by two glass coverslips 
for imaging. 

Cell culture and treatment 
HepaRG cells were cultured in RPMI 1640 (Gibco, 11875119), sup-
plemented with 10% fetal bovine serum (Omega Scientific, FB-21), 
and 0.1% penicillin/streptomycin (Gibco, 15070063). Cell cultures 
were incubated in an incubator at 37°C with 5% CO2. 

PA, OA, EPA, and BMS were dissolved in dimethyl sulfoxide at 
designated concentrations before adding to cell culture media. After 
culturing for 1 day, growth medium was replaced with fresh 
medium containing FAs or inhibitor with indicated concentrations. 
Specifically, 400 μM PA, 200 μM OA, 50 μM EPA, and 50 μM BMS 
were used. 

Chemical reagents 
TS (T5016), TO (T7140), TL (T9517), PA-d31 (366897), OA 
(75090), EPA (44864), and anti-FABP1 antibody (HPA028275) 
were purchased from Sigma-Aldrich. Anti-malondialdehyde 
(GTX12835) was purchased from GeneTex. Anti-cytochrome 
P450 2E1 (ab28146), anti-GRP78 BiP antibody (ab21685), and 
anti–E-cadherin (ab40772) were purchased from Abcam. Anti– 
caspase-3 (A11021) was purchased from ABclonal. 4′,6-Diamidi-
no-2-phenylindole (DAPI; BL105A) was purchased from Biosharp. 
CCl4 (C805332) was purchased from Macklin. BMS-309403 
(10010206) was purchased from Cayman Chemicals. Laurdan 
(D250) was purchased from Molecular Probes. 

IHC and immunofluorescent staining 
Tissues were fixed in 4% paraformaldehyde, embedded in paraffin, 
and then sectioned to 5-μm slices. For IHC, paraffin slices were re-
hydrated and incubated in antigen retrieval solution and blocking 
serum. The subsequent steps were performed using a Vector kit 
(Vector Laboratories) according to the manufacturer’s instructions. 
For immunofluorescent staining, the paraffin slices were permeabi-
lized with 0.2% Triton X-100, blocked with 10% goat or donkey 
serum, and then incubated with primary antibodies at 4°C over-
night. The slices were then incubated with secondary antibodies 
for 1 hour in the dark at room temperature, followed by DAPI in-
cubation for nuclear staining. The immunofluorescent and IHC 
images were captured by an FV3000 (Olympus) microscope and a 
3DHISTECH (Pannoramic MIDI) scanner, respectively. 

Multimodal NLO microscopy 
In our multimodal NLO microscopy setup (fig. S19), we used a pi-
cosecond pulse laser (picoEmerald S, Applied Physics & Electron-
ics) with 80-MHz repetition rate and 2-ps pulse width. The laser has 
an integrated output for both the pump beam with tunable wave-
length from 700 to 960 nm and the Stokes beam with fixed wave-
length at 1031 nm, which are overlapped in space and time. 

When performing SRS, the Stokes beam was modulated at ~20 
MHz by an electronic optic modulator. The collinear pump and 
Stokes beams were coupled to a two-dimensional scanning 

galvanometer (GVS012-2D, Thorlabs) and then imported into an 
inverted microscope (IX73, Olympus). A 60× water-immersion ob-
jective lens (LUMPlanFL N, 1.0 numerical aperture, Olympus) was 
used to focus the light on the sample. Transmission of the forward- 
detected SRS signal was collected with another 60× water-immer-
sion water objective (LUMPlanFL N, 1.0 numerical aperture, 
Olympus). A short-pass filter (ET980SP, Chroma) was used 
before a 10 mm by 10 mm large-area silicon photodiode (S3994- 
01, Hamamatsu) detector with 48 DC reversed bias voltage. The 
signal was then extracted by a lock-in amplifier (HF2LI, Zurich In-
struments). The analog output representing the SRS signal was fed 
into a data acquisition card (PCIE-6363, National Instruments) and 
input to the computer to display the image on the LabVIEW 2018 
software. To detect the vibrational bands of CH2 (2850 cm−1), 
═C─H (3010 cm−1), and C─D (2107 cm−1), the wavelength of 
the pump beam was tuned to 796.8, 786.8, and 847 nm, respectively. 
The excitation power at the sample was ~20 mW for pump and ~90 
mW for Stokes for all liver tissue samples. 

As for hyperspectral SRS imaging, the Stokes beam was fixed at 
1031 nm, and the pump beam was tuned to cover the CH vibrational 
region (2800 to 3050 cm−1) with an interval of ~8 cm−1. The SRS 
spectra of pure samples and the LDs of interest in liver tissue 
samples were then obtained on the basis of the hyperspectral 
SRS images. 

On the same microscope, the pump beam was tuned to 796.8 
nm, and the excitation power at the sample was ~40 mW for both 
SHG and TPEF imaging. A photomultiplier tube (H7422-40, Ha-
mamatsu) was used to detect the backward SHG and TPEF 
signals through 395/25 nm (ET395/25, Chroma) and 520/40 nm 
(ET520/40, Chroma), respectively. 

All images were obtained in 512 × 512 pixels with a dwell time of 
8 μs per pixel. The large-scale images of tissue samples were record-
ed by a microscope motorized platform (H117, Prior). No photo-
damage to tissue was detected. 

Spontaneous Raman spectra were acquired with a Raman micro-
spectrometer (DR316B-LDC-DD, Andor), which was mounted to 
the side of the microscope. The pump beam was tuned to 707 nm 
for Raman spectra measurements. The excitation power at the 
sample was ~32 and ~20 mW for pure chemicals and liver tissue 
samples, respectively. Each Raman spectrum ranging from 600 to 
3050 cm−1 was acquired in 20 s for pure chemicals and 60 s for 
liver tissue samples. 

Data processing of SRS images 
Quantification of total TGs, unsaturated TGs, and 
saturated TGs 
As shown in fig. S5, LDs were selected according to their signifi-
cantly higher signal intensities compared to other cellular compart-
ments in the SRS image of CH2 band at 2850 cm−1, by using the 
ImageJ “Threshold” function. Then, the amount of LDs was quan-
tified by the area fraction of LDs out of total image area. The LDs in 
liver fibrotic tissues were predominantly composed of TGs. Total 
TGs were extracted from the SRS image of CH2 band at 2850 
cm−1, whereas unsaturated TGs were extracted from the SRS 
image of the ═C─H band at 3010 cm−1. Subtracting the amount 
of unsaturated TGs from the amount of total TGs resulted in the 
amount of saturated TGs. 
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Quantification of lipid unsaturation degree 
The lipid unsaturation degree here was designated as the number of 
C═C bands on each FA chain. The SRS images were first recorded 
from pure TS (C18:0), pure TO (C18:1), and pure TL (C18:2). Spe-
cifically, TS was used to represent saturated TGs, while TO and TL 
were used to represent unsaturated TGs. The unsaturation degrees 
of TO and TL are 1 and 2, respectively. We then performed SRS 
imaging of seven different molar ratios of TO/TL mixed emulsions, 
ranging from 0:10 to 10:0. As shown in Fig. 1C, the lipid unsatura-
tion degree of unsaturated TGs was found to be linearly proportion-
al with the SRS intensity ratio of the CH2 band and the ═C─H band 
(I═C ─ H/ICH2). Specifically, I═C ─ H/ICH2= 0.2 × unsaturation degree 
+ 0.1, where the intercept was set to weak the background signal 
from pure saturated TGs for linear fitting. Because of the complex 
tissue microenvironment, the relatively weak SRS signal from LDs at 
3010 cm−1 was likely affected by the SRS signal from surrounding 
membranes. Thus, the original SRS image of the ═C─H band was 
first subtracted by the mean intensity of the surrounding signal for 
the liver tissue samples. Then, the lipid unsaturation degree of TGs 
in tissues was calculated on the basis of the established calibration 
curve shown in Fig. 1C. 

The saturated TGs, unsaturated TGs, collagen fibers, and auto-
fluorescent lipofuscin were pseudocolored in magenta, green, 
yellow, and cyan colors, respectively. All the large-scale image 
stitching was accomplished automatically by codes written in 
MATLAB R2018a. 

Data processing of TPEF images 
TPEF imaging of autofluorescent signals arose from both cellular 
structures and lipofuscins in liver tissues. Since lipofuscins emit 
much stronger autofluorescent signals compared to the surround-
ing cellular structures, we used an appropriate intensity threshold to 
segment the lipofuscins. The lipofuscins were colored in cyan color, 
whereas the surrounding structures were colored in gray color. 

Mass spectrometry imaging 
Sample preparation for DESI mass spectrometry imaging 
Optimal cutting temperature (OCT)–embedded tissue sections 
were washed with ammonium formate/water to remove polyethyl-
ene glycol polymers (61). Tissues sections were submerged in cold 
(4°C) 150 mM NH4HCO2 for 3 s, and excess solution was removed 
by gently tapping the slides for 5 s. This process was repeated for 
multiple times (~5) until the OCT material was invisible. 
Mass spectrometry imaging experiments 
All data were acquired on Waters cyclic ion mobility mass spec-
trometer (Wilmslow, UK) equipped with a desorption electrospray 
ionization (DESI) source (Waters DESI XS, Wilmslow, UK). DESI 
geometry setup was optimized according to (62). Other instrument 
parameters were set as follows: solvent, 95:5 methanol-water with 
0.1% formate acid/ammonium hydroxide for positive/negative 
mode; spray voltage, 4/4.5 kV for positive/negative mode; flow 
rate, 1.5 μl/min; nebulizing gas pressure, 5 bar (nitrogen); step 
size, 50 μm × 50 μm. Mass spectra were acquired across 50 to 
1200 Th in both positive and negative modes. 
Data processing 
Raw imaging data files were first processed with HDImaging 
(Waters) to generate a text file containing pixel data of the 500 
peaks of the highest intensity. The text file was then processed 

with an in-house MATLAB script for visualization of ion distribu-
tions (normalized to total ion current). 

Membrane lipid order analysis of fibrotic liver tissues and 
live cells 
Laurdan imaging was performed as previously described (46). 
Briefly, frozen tissues were stained with 25 μM Laurdan for 4 
hour in phosphate-buffered saline at room temperature, and cells 
in glass-bottom dishes were stained with 5 μM Laurdan for 1 
hour in serum-free medium at 37°C in a humidified incubator 
with 5% CO2. Then, tissues and cells were imaged with multimodal 
NLO microscopy (excitation at 796.8 nm; emission at 440/40 and 
520/40 nm). The pseudocolored GP images and hue-saturation- 
brightness (HSB) images were achieved using an ImageJ plug-in 
as described (46). HSB images that merged mean intensity and 
rainbow red-green-blue (RGB) color GP images were shown. GP 
values were quantified from GP images by ImageJ. Frequency of 
pixels with each GP value was plotted into histograms by 
Origin 2017. 

RNA-seq transcriptomic analysis of fibrotic liver tissues 
For the RNA-seq transcriptomic analysis of mouse liver fibrotic 
tissues, the RNA-seq data were downloaded from the National 
Center for Biotechnology Information (NCBI) GEO database 
with the accession IDs GSE214119, GSE207855, and GSE205540. 
The differentially expressed genes (DEGs) were identified as those 
with a fold change of more than 2 and an adjusted P value of less 
than 0.05. On the basis of the DEGs, GO biological process term 
enrichment analysis was carried out using the OmicShare tools 
(https://omicshare.com/tools). 

RNA-seq transcriptomic analysis of cell samples 
Total RNA was first extracted by TRIzol reagent (Invitrogen). Then 
RNA-seq experiments were performed by Novogene (Beijing, 
China). Sequencing libraries were generated using the NEBNext 
Ultra RNA Library Prep Kit for Illumina (New England Biolabs, 
USA) following the manufacturer’s recommendations. Indepen-
dent libraries were constructed for triplicate samples for all assays 
and then were sequenced on an Illumina HiSeq platform. The DEGs 
were identified as those with a fold change of more than 2 and an 
adjusted P value of less than 0.05. All RNA-seq data related to Figs. 6 
and 7 of this study have been deposited into NCBI GEO database 
(https://ncbi.nlm.nih.gov/geo/; accession ID: GSE220856). 

Statistical analysis 
Statistical analysis was performed using Origin 2017. The amount of 
collagen fiber and TG in mouse fibrotic liver tissues was shown as 
mean ± SD. The Student’s t test was used for comparisons of colla-
gen fiber amount, TG amount, unsaturated TG proportion, and the 
lipid unsaturation degree in CV and PV areas. P value < 0.05 was 
considered statistically significant. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S19 
Tables S1 to S6  

View/request a protocol for this paper from Bio-protocol. 
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