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Advances in Mitochondrial Morphological Analysis Techniques

WANG Dawei', WANG Xueping', LIU Jiaxin?>, DAI Xu?, TSENG Yiider', LAN Tian'*

(*Innovation Research Institute of Traditional Chinese Medicine, Shandong University of Traditional Chinese Medicine, Jinan 2503535,
China; *College of Pharmaceutical Science, Shandong University of Traditional Chinese Medicine, Jinan 250355, China;
*College of Traditional Chinese Medicine, Shandong University of Traditional Chinese Medicine, Jinan 250355, China)

Abstract Mitochondria, serving as the central hub for cellular energy metabolism and signal transduction,
are crucial for understanding both cellular physiology and disease mechanisms. A precise elucidation of the rela-
tionship between mitochondrial morphological dynamics and functional states is therefore essential. This review
systematically synthesizes research on the associations between various mitochondrial morphological features—
such as imbalances in fusion-fission dynamics, abnormal swelling, and disorganized spatial distribution—and a
range of pathological conditions. Moreover, the review highlights the pivotal role that advances in high-resolution
microscopic imaging, the development of innovative molecular probes, and the integration of intelligent image
analysis methods have played in enhancing the observation and quantitative analysis of mitochondrial morphology.
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Fig.1 Morphological diversity and spatial distribution patterns of mitochondria: representative imaging
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Fig.2 Schematic diagram of physiological mitochondrial swelling and homeostatic regulation
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Table 1 Comparative analysis of common microscopy imaging techniques

HR J i = Lo [

Technique Principle Resolution Characteristics Limitations

Conventional Based on optical lens imaging prin-  x-y: Low cost, user-friendly operation; Limited by optical diffraction

optical micro- ciples, magnifies samples through 200 nm suitable for macroscopic structural limit; unable to resolve subcel-

scope objective and ocular lenses observation of transparent samples lular structures

FM Utilizes fluorescent dyes to label X-y: Rapid imaging; suitable for mac- Limited by optical diffraction
target structures; excitation light 200 nm roscopic structural analysis with limit; unable to resolve subcel-
induces fluorescence, and emit- z: simple operation lular structures
ted light is collected via objective 500-700 nm
lenses

DIC Employs polarized light and dif- Xy High stereoscopy imaging; rich Incompatible with plastic
ferential interference to convert 200 nm structural details; ideal for transpar-  culture dishes; imaging artifacts
sample thickness/refractive index ent samples may arise from material inter-
variations into 3D relief-like con- ference
trast

CLSM Laser-based point scanning X-y: High resolution, non-destructive im- ~ Complex operation; high cost;
combined with pinhole detection 200 nm aging; suitable for live-cell imaging;  photobleaching may occur
to eliminate out-of-focus signals, z: multicolor labeling, and 3D analysis
enabling optical sectioning and 3D 500 nm
reconstruction

STORM Achieves super-resolution via X-y: Ultrahigh resolution; compatible Requires specialized fluorescent
single-molecule localization by 20-50 nm with live- and fixed-cell imaging probes; prolonged imaging time
stochastically activating fluorescent  z:
probes and reconstructing images 50-100 nm

STED Overcomes diffraction limit by X-y: Ultrahigh resolution; compatible Demands specialized probes;
suppressing peripheral fluorescence  20-50 nm with live- and fixed-cell imaging photobleaching may occur
emission using depletion beams z:

50-100 nm

SIM Enhances resolution via structured ~ x-y: Super-resolution imaging; appli- Requires complex image pro-
illumination patterns and computa- 100 nm cable to live- and fixed-cell systems  cessing algorithms; prolonged
tional reconstruction algorithms z: imaging time

200-300 nm

TEM Electron beam transmits through X-y: Exceptional resolution for subcel- Specialized sample processing
ultrathin sections, magnified by 0.1-1 nm lular structures and biomolecules required; technically complex
electromagnetic lenses to reveal
ultrastructural details

Cryo-electron Preserves native-state samples at X-y: Ideal for temperature-sensitive Specialized sample processing

microscopy cryogenic temperatures for electron 0.1 nm specimens (e.g., proteins, biological ~ required; technically complex

beam imaging

sections)

REFIIE 7T B3 T 2614H(32). 19814F, JOHNSONZEEH
T T LRI A N A AL ZE (AYm) TR T Gkl % P}
1123 (Rhodamine 123), SEIL 1 BObL A 5 HLA (1) SR
K, #7R T RRAARTE B AR ) Bh AR AL RRE .
B 5, T DA N 280 5 LA (1) %2 PF B 25 (TMRE
TMRM). JC-1RE 4Lkl — BB IF Ktk 2T
B P GeRT A YD K B I MitoTracker & F1 R & i
M A LR NI, ek T A% GG FIAE [ 2
NS AL PR 5 R 56 JR PR, SEIL T 2R R4 T

SRR AR E AR B

21HLZB R, Jefe#ak e

T 58 PR MR RE R R RS T T BBk
f£. 20144, SHENG1] BN Ui i Mito-Killer Red
TREF, R Y i VERr S 15 S R R AR 351473, T T2k
Rk B SIS ENLRRME T s T A

3 BESHhEARNA
BRRRH ARG 5 FARILEAR IR R T
A A 1 0 PEE RO 1 25 P 1R O
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Table 2 Comparative analysis of common mitochondria-targeting fluorescent probes

TOCRET Y

Fluorescent probe type

Fric J5U B R R s

Labeling principle and characteristics

AR
Compatible cell types

GLEIES SN

Applicable imaging techniques

Rhodamine 123 Cationic and lipophilic fluorescent probe. Penetrates Live cells FM, CLSM, SIM
TMRM cell membranes and accumulates in the matrix via Live cells FM, CLSM, SIM, STED
TMRE the mitochondrial inner membrane potential gradient Live cells FM, CLSM, SIM
(A¥m). Fluorescence intensity correlates with A¥m
MitoTracker AW¥m-dependent accumulation in active mitochondria. ~ Live cells FM, CLSM, SIM, STED, STORM
Specific variants (e.g., MitoTracker Red CMXRos) Fixed cells
contain chloromethyl groups that covalently bind to
mitochondrial proteins post-entry, enabling signal
retention after fixation
MitoLite Cationic dye selectively accumulating in mitochondria ~ Live cells FM, CLSM, SIM, STED
via AYm Fixed cells
PKMito Live cells FM, CLSM, SIM, STED
Fixed cells
MitoBright Live cells FM, CLSM, SIM
BBcellProbe M Live cells FM, CLSM, SIM
HBmito Live cells FM, CLSM, SIM, STED
MitoSOX Modified dihydroethidium-based probe with positive Live cells FM, CLSM, SIM, STED
charge for mitochondrial-specific uptake. Generates
fluorescence upon reaction with superoxide anions to
detect mitochondrial ROS
CellLight Fluorescent protein-based labeling technology. Deliv-  Live cells FM, CLSM, SIM

ers fluorescent proteins (e.g., GFP/RFP) fused with

mitochondrial localization signals into cells, indepen-

dent of AYm

HIERAE Y e T 2 iy SRR RLAR (4 58 0 17 B
PR LR, B BB HORIRRE, &
R IR M 515 S LS 2 ST I e M i Bz
2R, BOARSHERT FLERLARIE S 1A 0 TR, B9
TR BIBLH PR R A5 T R 1B ig 42
3.1 ZRFEESTITRNERFIESH

SE R T BRI, FFAE S B ik #E 1o
2o WHNSHEE: KE. WAL R, 72308,
WL IEIB LSS (R 3). EMIHREHA —ERE LR
AR AL TRl /73 BN o Bl SE T
XTERLAR MR BE L TR S S RO AT 70, SRk
IR AR, IR IR IE S 7S /=3l
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TR W EAEF . OUELLETZS: i 28 b 4K %
MRS 73 SCRis W28 I 1 55 25 00 R 1 ) 45 45
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T (G Canny 55 5745 I 2 40 S8R 5 RAR HEAT
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Table 3 Key parameters for quantitative analysis of mitochondrial morphology

FHIEZ E X Y EN =94
Parameter Definition Calculation method Biological significance
Length The longest axial dis- Calculated as the major axis Elongated mitochondria are typically associated with active en-
tance of mitochondria length of the minimum bounding  ergy metabolism (fusion-dominant state), while shortened forms
rectangle fitted to the mitochon- may indicate fission defects or functional impairment

drial contour

Width The diameter along the Calculated as the minor axis Width variations may reflect rearrangements of inner membrane
minor axis of mitochon-  length of the minimum bounding  cristae or matrix swelling
dria rectangle

Area Two-dimensional Direct measurement of pixel oc-  Increased area suggests mitochondrial fusion or matrix expan-
projected coverage of cupancy sion, whereas reduced area correlates with fission events or
mitochondria autophagic clearance

Circularity Degree to which mito- Area Values approaching 1 indicate spherical morphology (often
chondrial shape approxi- dm x m linked to quiescent/damaged states, e.g., swelling), while lower
mates a perfect circle values reflect rod-shaped or tubular structures (typically active

functional states)

Branch number ~ Number of branches Direct count of terminal and Increased branching implies network complexity, potentially
in the mitochondrial internal branches driven by elevated energy demands; reduced branching may
network signify network fragmentation or functional decline

Network con- Interconnection degree Branch points number High connectivity indicates efficient energy distribution net-

nectivity between nodes (branch Branch number works, while low connectivity suggests network disintegration
points) in the mitochon- or functional compartmentalization

drial network

Spatial distribu-  Spatial organization Quantified by region-specific Mitochondria preferentially localize to high energy-demand

tion pattern of mitochondria mitochondrial density (e.g., peri-  regions (e.g., synaptic terminals). Abnormal distribution may
within the cellular con- nuclear zones vs. cortical zones)  reflect bioenergetic imbalance or organelle interaction defects
text or proximity to organelles (e.g.,

endoplasmic reticulum)

<« . Branch

Iy
v

¢ Branch points

Length
Minimum
bounding ~ Width
Spatial distribution rectangle

E3 ERENERSITFHES B REE

Fig.3 Illustration of key parameters in mitochondrial morphological analysis
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