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Measuring mass obscures the true atherogenic threat

The Traditional View (LDL-C Mass) The Physiological Reality (ApoB Particle Count)

+ Clinical assessment traditionally relies on measuring the total
mass of low-density lipoprotein cholesterol (LDL-C).

+ A direct representation of the physical atherogenic particle
burden Is required.

» Atherosclerotic cardiovascular disease (ASCVD) remains a
primary global threat, driven by physical particles, not just mass.

+ Cholesterol mass per particle is highly variable and heavily
influenced by systemic metabolic conditions.

Conclusion: True risk assessment requires counting the particles, not weighing the cargo.



Every atherogenic particle carries exactly one ApoB molecule

Very-low-density lipoproteins: Intermediate-density lipoproteins: Low-density lipoproteins: The Lipoprotein(a): An LDL-like particle
Large, triglyceride-rich particles Transitional particles formed final, cholesterol-dense remnants with an added apolipoprotein(a)
secreted directly by the liver. during the lipolysis of VLDL. and primary circulating carriers. moiety covalently bound to ApoB.

The Rule of One: Measuring total serum ApoB provides an exact, rigid stoichiometric count
of all circulating atherogenic particles, completely regardless of their internal cargo.




Particle count drives risk more than cholesterol mass
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LDL-C Method: Measures the total weight of the cargo, Normal Phenotype: High mass, but very few individual

ignoring the number of vessels. particles circulating.

ApoB Method: Counts the exact number of ships Insulin Resistant Phenotype: LDL particles undergo core depletion
congesting the harbor. and remodel. An individual can have normal LDL-C mass while
harboring a highly dangerous number of small, dense LDL particles.




Genetic and prospective evidence establishes causal risk

Mendelian Randomization (European GWAS)

Coronary heart disease (CHD): OR 1.71 (P=0.010)
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Glycemic dysregulation actively remodels
lipids before clinical diabetes

Insulin resistance impairs cellular
responsiveness in skeletal muscle,
adipose tissue, and the liver, triggering
compensatory hyperinsulinemia

Elevated ApoB is independently associated with
worsening glycemic parameters in non-diabetics:
- Fasting plasma glucose: 3 = 2.07 mg/dL per 1-SD ApoB

- HOMA-IR: B = 0.54

Prediabetes

Individuals in the highest ApoB quartile have
a significantly higher odds of prediabetes
(Adjusted OR 1.53, P < 0.001)

” T2DM



The metabolic chain reaction driving particle amplification

Step 1: Unrestrained Lipolysis (Adipose)

Insulin fails to suppress hormone-sensitive
lipase (HSL). Uncontrolled free fatty acids
(FFAs) flood the portal circulation.

Step 2: Hepatic Overproduction (Liver)

The FFA influx forces the liver to synthesize
and secrete massive amounts of large,
triglyceride-rich VLDL particles.

Step 3: Impaired Clearance (Bloodstream)

Downregulation of insulin-stimulated
lipoprotein lipase (LPL) produces persistent
hypertriglyceridemia.

Result: The absolute number of ApoB particles surges dramatically across the
system, even if total LDL-C mass remains entirely static.




CETP triggers the creation
of small, dense LDL

Hypertriglyceridemic

Conditions

Excess VLDL floods the circulation
due to hepatic overproduction.

The Fatal Exchange

Cholesteryl ester transfer protein
(CETP) facilitates a transfer, moving
triglycerides from VLDL directly
into LDL particles.

Particle Amplification

Hepatic-lipase hydrolysis creates
highly atherogenic small, dense
LDL (sdLDL) and unstable HDL
(depressing HDL-C).




Insulin resistance degrades the systemic

vascular environment

Endothelial
Dysfunction

Impaired insulin signaling |
downregulates eNOS. A 4
Reduced nitric oxide impairs e
vasodilation, promoting a
pro-coagulant, adhesive

adhesive endothelial layer.

Oxidative Stress
& Inflammation

Hyperglycemia and lipid
excess drive
mitochondrial reactive
oxygen species (ROS).
Systemic markers like
hsCRP and IL-6 spike.

Plaque Instability

Macrophage infiltration

forms foam cells. Matrix
metalloproteinases (MMPs)
degrade the collagenous fibrous
cap. predisposing the lesion to
sudden rupture.




The arterial trap: Proteoglycan remodeling creates a sticky matrix

Chronically elevated insulin and
cytokines stimulate vascular
smooth-muscle cells to overproduce
biglycan and chondroitin-sulfate
proteoglycans.

Enzymatic processing produces
longer glycosaminoglycan (GAG)
chains with increased sulfation.

) These GAGs are highly negatively
charged, dramatically increasing
the “stickiness” of the
subendothelial space.

< This physical trap reliably captures
circulating atherogenic lipoproteins
(the response-to-retention model).




Electrostatic entrapment captures small, dense lipoproteins

Small, Dense LDL & Remnants: Positively charged domains on the ApoB shell form
strong electrostatic complexes with negatively charged arterial proteoglycans.

Result: Dramatically
higher binding affinity
and retention
compared to larger,
normal LDL

particles. The
particles are
physically pulled out
of circulation and
trapped in the wall.



Interstitial fluid reveals extreme subendothelial retention

Because interstitial
fluid drains the
vascular wall, particles
that successfully
traverse the
endothelium without
being trapped

appear in the IF.

Healthy Y. Type 2

Control = | Diabetes

Trapped particles undergo rapid oxidative modification
by local enzymes (SMase, proteases), driving silent, rapid
atherosclerosis long before it is clinically detected.

In patients with type
2 diabetes, the
|[F-to-serum ratio

of ApoB is
approximately 58%
lower (=0.14 vs.
=~(0.33 in controls).



Particle Type:

Norma Normal (Buoyant LDL) vs. Insulin tion
Insulin Resistant (semnait (sdLDL & Remnants)
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The Synergistic Destruction Matrix

Arterial Wall:
Normal (Smooth Matrix) vs. Insulin Resistant (Sticky, GAG-rich Matrix)

Normal / Normal.
Low retention risk. Particles circulate freely.

sdLDL / Normal Wall.

Moderate risk. Smaller particles penetrate easily
but lack strong binding sites.

Normal Particles / Sticky Wall.

Moderate risk. Some retention due to matrix
changes.

;. !;" '-,"‘:1: ‘.,, '-._:-‘ _'_ ":‘ﬂ" I;. _.‘_ _' -.-'_ ”.:-.‘::"_;.
sdLDL / Sticky Wall. Extreme Risk.
High concentration of highly adhesive particles

trapped instantly by elongated, sulfated GAGs.
Synergistic amplification of atherogenesis.




UK Biobank Data:

At 30% discordance, ApoB
drives a Hazard Ratio of 1.4
for MACE and 2.5 for CAD.

The profound danger of lipid discordance

The ApoB/LDL-C ratio serves
as a reliable surrogate for the
small-dense-LDL phenotype
(=0.81 £ 0.18 in T2DM vs.
=0.74 + 0.15 in non-diabetics).

A standard lipid panel
suggests low risk, entirely
masking progressive

-4 vascular damage.

Insulin resistance creates a
mismatch: normal/optimal
LDL-C mass alongside
highly elevated ApoB.



Predicting major adverse cardiovascular events (MACE)

High-Risk CAD Cohort (~10 year follow up) Premature Ml Cohort (17.4 month follow up)

High ApoB/LDL-C

Low ApoB/LDL-C

e Baseline ApoB/LDL-C ratio significantly predicts * Triglyceride-glucose body-mass index (TyG-BMI)
future events independently of diabetes status. reveals immense risk.

- ApoB/LDL-C ratio: Adjusted HR 1.17 (P = 0.005). - Highest TyG-BMI quartile: HR 2.88 for MACE.
- T2DM status: Adjusted HR 1.49 (P < 0.001). - Risk amplifies with comorbid diabetes (HR 3.85).

- Systemic inflammation via high hsCRP amplifies
risk further (HR 3.38).




Formulating Risk-Weighted ApoB to capture remnant hazard

Risk-weighted ApoB (RW-apoB) Reclassified by — Py ' UK Biobank Derivation

captures the elevated hazard of ) {a (N = 285,060):
triglyceride-rich remnants, Lp(a), and PN » g » RW-apoB reclassified
LDL ApoB in a single value based on v 2 PSS roughly one-third of
relative atherogenicity. ' A individuals in the

7 ' ' _— top quintile.

It identified misclassified
patients experiencing

a CHD event rate of
~5.4% (vs, ~3.9% via
measured ApoB alone).

RW-apoB consistently
RO g R a— outperforms standard
T ApoB in predicting CHD

Categorized by Standard Risk Assessment (P <.0001).
Standard ApoB (Lower Risk)




Explaining the Mortality Paradox:
A warning on reverse causation
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Confounding Factors: In
unselected populations,
drastically low lipids
often track with frailty,
malnutrition, and chronic
severe illness.

LDL-C / ApoB Levels

i

Interpretive Caution: This signal is widely attributed to reverse causation. [t does
not contradict the causal, dose-dependent relationship established by genetic trials.
Lowering ApoB therapeutically remains the objective.

"\

Some
general-population
cohorts show

an inverse
association where
very low
LDL-C/ApoB
predicts higher all-
cause mortality.

(US NHANES: ApoB
> 90vs <90 mg/dL
carries HR 0.79).



Global consensus guidelines adopt ApoB targets

' NLA (2024): Target thresholds are ~60 1 (very-high risk),
(high risk). ApoB 2130 mg/dL i is a risk-enhancing factor.

' ESC/EAS (2019) Recommendations include <65 mg/dL (very-high
| (hlgh) Endorsed as alternative primary screening,

' ACC/AHA (2026): Class 2a recommendation. Guides intensification
‘ after LDL-C goals in CKM syndrome, diabetes, and high TG.




ldentifying high-risk phenotypes for routine measurement

Standard LDL-C measurements frequently mask high concentrations of atherogenic particles in specific
phenotypes due to hepatic VLDL overproduction. Routine ApoB measurement is critical for:
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1. Insulin Resistance / 2. Obesity / 3. Metabolic Syndrome /

Prediabetes Visceral Adiposity High Triglycerides 4. CKM Syndrome

Active vascular remodeling Drives the unchecked lipolysis Direct indicators of impaired Recommended by ACC/AHA to
occurs prior to clinical diagnosis.  fueling particle generation. clearance and lipid remodeling. evaluate residual risk post-statin.




The Therapeutic Arsenal: Liver, Gut, and Systemic Clearance

Statins leave residual small, dense LDL in insulin-resistant patients, necessitating combination therapy.

Statins (Liver)

Inhibit HMG-CoA reductase,
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reducing cholesterol synthesis and - L\l ¢ W

upregulating LDL receptors. g - . b o N PCSK9 Inhibitors
L e & " (Systemic)

Prevents degradation of LDL

-l - - j : receptors. The oral agent
. =" (i} : enlicitide decanoate (CORALreef
Ezetimibe (Gut) : D) Lipids) reduced LDL-C by
Inhibits the NPC1L1 transporter in the . ' i —— L W ~55.8% at 24 weeks.

small intestine. Preclinical models show k

it reduces ex vivo arterial retention of
intestinal-derived ApoB remnants.




The Therapeutic Arsenal: Advanced Hepatic Targeting

Bempedoic Acid

= Activated specifically in the liver by
Intracellular T ACSVU \\ Bempedoic Acid ACSVL1 (avoiding skeletal muscle/statin
enzymes g 7 7 (Ar;:twated} - \h& Activation myopathy), inhibiting ATP-citrate lyase.

- CLEAR Outcomes (N=13,970): Lowered
e 7T NN \OE) LDL-C by ~21.1% and hsCRP by ~22.2%.
ATP-citrate —#= e SN 2 o A\ - Reduced 4-component MACE by 13%
WERE /A _— “Faas YO\ B e W (HR 0.87).

M B R S e - ANGPTL3 Inhibitor
O R VLI A g (Evinacumab)

ANGPTL3 Inhibitors

Regulate lipid metabolism by inhibiting
lipoprotein and endothelial lipase.

- Evinacumab: Lowers LDL-C by ~47-49%
in refractory HoFH.
& Lipoprotein & - Caution: Emerging ASO therapies
Endothelial Lipase (vupanorsen) showed dose-dependent
Regulators increases in hepatic fat up to ~76%
(TRANSLATE-TIMI 70), halting development.




Incretins and Metabolic Modifiers attack the root cause

Whole-body substrate utilization, fat burning, and systemic weight loss

Semaglutide

SELECT Trial (N=17,604).
In obese patients with
CVD but no diabetes,

2.4 mg weekly reduced
3-point MACE by 20%
(HR 0.80).

Reduces inflammatory
and atherogenic markers
(ApoB/hsCRP).

Tirzepatide

SURMOUNT/SURPASS.

Dual GIP/GLP-1

' achieves weight loss

up to ~20.9%.

Reduces small LDL
particles, lowers LPIR
score, cuts ApoB by up
to ~17%, and reduces
triglycerides

by ~31-35%.

SGLT?2
Inhibitors

Promote glucosuria,
lower fat, and shift
substrate utilization
from carbohydrate
toward lipid and ketone-
body oxidation.




The Integrated Pathway: From Chronic Stress to Acute Event
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1. Measure particle burden

Consider ApoB (or non-HDL-C) in
patients with insulin resistance,
obesity, prediabetes, or metabolic
syndrome where LDL-C drastically
underestimates risk.

3. Utilize combination therapy

High-intensity statins paired with
ezetimibe, PCSK9 inhibitors, or
bempedoic acid maximize particle
clearance in residual-risk populations.
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Clinical Translation: Four principles for modern lipid management

2. Match intensity to overall risk

Use ApoB to refine guideline-based
risk assessment. Treat according

to overall ASCVD risk rather than
assuming diabetes-equivalent
baseline risk.

4. Address the metabolic subtrate _

Incorporate GLP-1/GIP agonists
(semaglutide, tirzepatide) alongside
Lp(a), inflammation, and blood
pressure control for a complete
risk-reduction strategy.




Beyond Cholesterol Mass
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In insulin-resistant states, ApoB-defined particle burden
and the biology of arterial retention together capture the
hidden cardiovascular risk that LDL-C simply cannot see.

Evaluating danger requires looking beyond lipid mass.

The appropriate response is superior measurement
coupled with risk-proportionate, multifactorial treatment.




