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Abstract
Multi-organ �brosis among end stage renal disease (ESRD) patients cannot be explained by uremia
alone. Despite mitigation of thrombosis during hemodialysis (HD), subsequent platelet dysfunction and
tissue dysregulation are less understood. We comprehensively pro�led plasma and platelets from ESRD
patients before and after HD to examine HD-modulation of platelets beyond thrombotic activation. Basal
plasma levels of proteolytic regulators and �brotic factors were elevated in ESRD patients compared to
healthy controls, with isoform-speci�c changes during HD. Platelet lysate (PL) RNA transcripts for growth
and coagulative factors were elevated post-HD, with upregulation correlated to HD vintage. Platelet
secretome correlations to plasma factors reveal acutely induced pro-�brotic platelet phenotypes in ESRD
patients during HD characterized by preferentially enhanced proteolytic enzyme translation and secretion,
platelet contribution to in�ammatory response, and increasing platelet dysfunction with blood �ow rate
(BFR) and Vintage. Compensatory mechanisms of increased platelet growth factor synthesis with acute
plasma matrix metalloproteinase (MMP) and tissue inhibitor of MMPs (TIMP) increases show short-term
mode-switching between dialysis sessions leading to long-term pro-�brotic bias. Chronic pro-�brotic
adaptation of platelet synthesis were observed through changes in alpha-granule- and lysosome-�lling
behaviors. We conclude that chronic and acute platelet responses to HD contribute to a pro-�brotic milieu
in ESRD. 

Introduction
Chronic kidney disease (CKD) is characterized by progressive loss of kidney function culminating in end
stage renal disease (ESRD). Although hemodialysis (HD) is the prevailing renal replacement therapy, it is
an independent risk factor for cardiovascular disease (CVD) mortality1–6 beyond the traditional risk
factors of diabetes, hypertension, lipoprotein levels, and smoking7. Potential causes of CVD-related
mortality in patients with ESRD include coronary artery disease, vascular calci�cation with sustained
local and systemic in�ammatory and pro-osteogenic upregulation5, and uremic cardiomyopathy
characterized by left ventricular hypertrophy, focal scarring, and diffuse interstitial �brosis8–11. Further,
mitochondrial disease12,13 secondary to CKD14,15 is linked to endothelial dysfunction and extracellular
matrix (ECM) remodeling. Recent studies have revealed diffuse myocardial �brosis in response to
initiation of HD16. Non-invasive imaging studies demonstrate correlations between cardiac �brosis and
imbalanced plasma proteolytic regulators, particularly tissue inhibitors of matrix metalloproteinases
(TIMPs) TIMP1 and TIMP2, in ESRD patients17. In parallel, plasma biomarkers for endothelial
dysfunction, oxidative stress, and in�ammation3,18,19 indicate CKD progression and cardiovascular
decline. Uremic retention compounds inadequately removed during HD have been identi�ed as potential
toxins driving the aforementioned pathological processes6,20−22. However, cardiotoxicity from circulatory
waste accumulation alone insu�ciently explains the scope of adverse cardiovascular events and multi-
organ �brosis observed in HD patients, considering lower incidence in peritoneal dialysis patients23

despite similar residual toxin retention.
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Platelets derive secretomes from megakaryocyte upregulation prior to fragmentation and shift patterns of
synthesis and secretion in response to activation24. Prior to fragmentation, megakaryocytes differentially
sort mRNA into platelets with selective emphasis on MMP and TIMP transcripts25. HD aberrantly and
repetitively stimulates platelets26, however prior studies of platelets during HD and anti-platelet therapy
trials focus on acute thrombus formation27. While thrombogenic platelet responses in HD are mitigated
with anti-thrombotic agents, concomitant modulations of platelet secretion of factors implicated in tissue
regeneration, �brotic diseases, and cardiovascular stiffening28 remain poorly understood. Additionally,
megakaryocyte-driven �brosis may be stimulated by HD-induced release of compounds known to be
inadequately removed during HD29. The combination of acute changes in platelet physiology and chronic
adaption of platelet formation may serve as a potential mechanism underlying the development of multi-
organ �brosis and endothelial dysfunction in ESRD patients following initiation of HD.

In these experiments, we recruited ESRD patients on routine hemodialysis from DaVita clinics in the
Oakland, CA area. Blood samples were obtained immediately before and after HD. Healthy controls were
recruited for comparison. We quanti�ed differences in circulating concentrations of proteolytic regulators,
growth factors (GF), clotting factors, cardiovascular indicators, and in�ammatory indicators in healthy
versus HD patient blood and further measured changes in HD patients pre- versus post-treatment.
Because of differences observed in MMPs and TIMPs between healthy and HD patient blood considering
familiar differences observed in GF, cardiovascular, and in�ammatory levels, we characterized platelet
secretomes to determine contributions from HD. Our �ndings suggest acute and sustained adaptations in
platelet protein synthesis and secretion from HD treatment leading to progressively pro-�brotic behaviors.
This shift in platelet phenotype may contribute to enhanced tissue remodeling in HD patients beyond
conventional processes of hypertrophy, leading to heightened frequency of adverse cardiovascular
outcomes.

Results
I. Hemodialysis patient plasma is proteolytically dysregulated and pro-�brotic

HD patient plasma indicated broadly elevated proteolytic activity and regulation, a pro-�brotic GF pro�le,
cardiac stress, and elevated systemic in�ammatory response compared to healthy plasma (Fig. 1).
Concentrations of four matrix metalloproteinases (MMPs: MMP2, MMP3, MMP9, MMP14) and two tissue
inhibitors of MMPs (TIMPs: TIMP1, TIMP2) were signi�cantly elevated in dialysis patients both before
and after HD compared to control values (Fig. 1A). In contrast, plasma levels of growth factors were more
nuanced (Fig. 1B), with �broblast growth factor two (FGF2) levels signi�cantly below and insulin like
growth factor 1 (IGF1) concentrations signi�cantly above control levels. Platelet derived growth factor
(PDGF) D concentrations pre-HD trended higher than control levels and were signi�cantly elevated in
post-HD plasma, while neither pre- nor post-HD PDGFB levels signi�cantly differed from controls. In
agreement with prior studies30–33, in�ammation and cardiovascular stress measured uniformly higher in
dialysis patients, shown by N-Terminal Prohormone of Brain Natriuretic Peptide (NTpBNP), C-reactive
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protein (CRP), tumor necrosis factor receptor 1 (TNFR1), and interleukin 1 beta (IL1β) as shown in Fig. 1C.
Broad elevation of MMPs and TIMPs support enhanced tissue remodeling as an adaptive response to
HD. Further, the widely sustained elevation of plasma MMPs and TIMPs post-treatment suggests a
pathogenesis that is insu�ciently cleared and potentially exacerbated by HD. Given prior �ndings that
FGF2 reduces structural damage in CKD34, while elevated IGF1 correlates to systemic sclerosis35, these
results suggest a pro-�brotic phenotype in HD patient plasma. Further, given the key role PDGFs play in
the genesis of vascular lesions, elevated chronic PDGFD and minor PDGF increases post-HD may
contribute to a homeostatic shift toward tissue stiffening in HD patients36. This link between proteolytic
dysregulation and �brosis in HD patients is further supported by the mechanistic induction of TIMPs and
attenuation of MMPs by PDGFs37. No differences were observed between dialysis patient and control
plasma for the TGFβ precursor latency associated peptide (LAP), pro-platelet basic protein (PPBP)/ Beta-
Thromboglobulin (βTG), Platelet-Activating Factor (PAF), Von Willebrand Factor (vWF), platelet factor 4
(PF4), Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH), Thrombopoietin (TPO), thromboxane
metabolite (TXM) 11TXB2, and Interferon-γ (IFNγ). For vasodilator Prostaglandin I2 (Prostacyclin; PGI2)
no difference was observed between pre-HD and healthy control levels, though post-HD levels were
signi�cantly suppressed (Figure SF1).

II. Intra-dialysis changes reveal reduced MMP and heightened TIMP1 plasma levels

The impacts of single HD sessions on circulatory biomarker accumulation were assessed by relative
changes in paired plasma samples from dialysis patients pre- and post-treatment. One-sample t tests
indicated plasma protein concentrations likely to change iatrogenically on average. Post-HD plasma
indicated lower proteolytic activity, higher proteolytic inhibition, higher clot sensitivity, and lower glycolytic
enzyme levels compared to paired pre-HD samples. Signi�cant intra-dialytic changes were found in 2
MMPs (MMP3, MMP9), 2 TIMPs (TIMP1, TIMP2), no GFs, 1 clotting factor (vWF), 1 cardiovascular
indicator (GAPDH), and no in�ammatory indicators (Fig. 2). All measured proteases and proteolytic
regulators decreased in a majority of HD patients, re�ecting typical protein removal effects by
mechanisms like membrane adsorption. However, TIMP1 signi�cantly increased on average. Considering
TIMP2, MMP3, and MMP9 signi�cantly decrease on average, this isolates TIMP1 as a molecule that is
acutely secreted into plasma during dialysis. In particular, an increased ratio of TIMP1 to MMP9 post-
dialysis may link HD to increased tissue �brosis and systemic stiffening characteristic of cardiorenal
syndrome. In contrast, relative changes among measured growth factors were not statistically signi�cant.
FGF2, PDGFB, IGF1, and Connective Tissue Growth Factor (CTGF) increased in a majority of patients
during HD sessions, while epidermal growth factor (EGF), LAP, PDGFD, and PPBP decreased in a majority
of sessions (Figure SF2). Among measured clotting factors, vWF levels signi�cantly increased on
average. Among cardiovascular and in�ammatory indicators, GAPDH signi�cantly decreased on average.
In parallel, 11TXB2 and CRP increased in a majority of sessions, while Thrombopoietin (TPO), NTpBNP,
PGI2, TNFR1, TNFα, IFNγ, and IL1β decreased in a majority of sessions, with no signi�cant paired average
changes (Figure SF2).

III. Plasma proteolytic imbalance worsens with dialysis vintage and faster blood �ow rate
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Pre-treatment levels of all proteins measured were compared simultaneously by multivariate linear
regression (MLR) against patient age, HD Vintage (commonly de�ned as the number of months of regular
HD treatment), average HD blood �ow rate (BFR), sex, and weight to determine potential targets and
patient predictors of cyclical dialytic stress (Table ST6). Plasma levels of PAF correlated uniquely to BFR
against all patient predictors (p = 0.017) (Fig. 1D), elevations of which may contribute to the development
of microvascular dysfunction38 and ampli�cation of leukocyte-induced microvascular alterations through
enhanced platelet recruitment39. Separately, MMP3 correlated uniquely to BFR (p = 0.025) and MMP14
correlated uniquely to HD Vintage (p = 0.038) against all patient predictors, indicating increasingly
disturbed proteolytic balance.

Relative plasma changes intra-HD compared to treatment parameters indicated effects and predictors of
protein removal and accumulation (Table ST6). Among simultaneously compared patient predictors, BFR
correlated negatively against ΔPAF (p = 0.018) and ΔMMP2 (p = 0.058) (Fig. 2B), while ΔMMP3 was
predicted by both BFR (p = 0.020) and weight (p = 0.046) (Figure SF3), re�ecting acute effects of
increasing prescribed HD speed. HD Vintage uniquely predicted positive ΔIFNγ (p = 0.043), Δ11TXB2 (p = 
0.032), and ΔTIMP1 (p = 0.027), re�ecting both acute changes during dialysis and longer-term chronic
adaptations to repeated dialysis exposure (Fig. 2C). Positive correlations between BFR and pre-treatment
PAF and MMPs suggest increasing BFR may aid short-term clearance while also contributing to long-term
dysfunction. However, increasing IFNγ and decreasing 11TXB2 with vintage imply chronically enhanced
in�ammatory sensitivity and platelet dysfunction in response to prolonged HD treatment. The
combination of chronically elevated plasma TIMP1 levels in HD patients (Fig. 1A), further acute elevation
in response to dialysis (Fig. 2A), and positive correlation to dialysis vintage suggests both acute and
chronic adaptations that enhance MMP inhibition and �brotic ECM deposition40.

IV. Intra-dialysis platelet transcriptome changes re�ect long-term drivers of dysfunction

Platelet lysate (PL) from pre- and post-HD blood samples were assessed for relative RNA changes to
examine chronic effects on platelet function between treatment sessions. High variance accounted for
the lack of statistical signi�cance, yet PCR analysis revealed greater average RNA content in post-HD
platelets for all secreted biomarkers relative to generic platelet Purinergic Receptor P2Y12 (P2RY12)
(Fig. 3A). This is consistent with expected platelet turnover, increasing overall RNA reserves. However,
disproportionate intra-HD changes between markers reveal selective degradation following
translation41,42 and upregulation in megakaryocytes prior to fragmentation25, neglecting endogenous
uptake mechanisms43. Signi�cant increases were found in 2 growth factors (EGF, PPBP), 2 clotting
factors (PF4, vWF), and 1 metabolic indicator (GAPDH). Among growth factor RNAs, increased EGF and
PPBP may signify enhanced regenerative and �brotic potential, while the majority decreases observed for
FGF2, PDGFB, PDGFD, and TGFβ1 signify stimulated depletion without compensatory upregulation in
new platelets. Among clotting factor RNAs, signi�cant increases measured for PF4 and vWF indicate
platelet hypersensitization, while the majority decreases observed for PAF RNA may presage a pathway to
long-term dysfunction. While no signi�cant intra-HD changes were found in MMPs or TIMPs, MMP1
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decreased while all 3 measured TIMP transcripts increased in a majority of patients, indicating
preferential TIMP upregulation. The multi-modal distribution of TIMP1 changes reveals patient subsets
exhibiting either depleted or highly upregulated TIMP1 RNA. Because of patient differences in rates of
platelet renewal, this could signify that HD stimulates both TIMP1 translation in existing platelets and
upregulation in subsequent platelet production. The parallel signi�cant increase in GAPDH represents the
increased metabolic capacity of platelets upon renewal. When correlated simultaneously against patient
predictors by multivariate linear regression, Vintage uniquely predicted ΔPAFAH2 RNA (p = 1.9E-4) (Table
ST6). Increasing intra-dialytic PAF upregulation (R = 0.861, p = 9.2E-6) (Fig. 3B) supports altered platelet
translative potential leading to clotting dysfunction with long-term HD. These results imply that beyond
RNA renewal effects of chronically shortened platelet life cycles, megakaryocytes may respond to
iatrogenic stress by shifting platelet protective and translative behaviors.

V. Platelet secretomes shift with dialysis vintage

To determine intra-dialytic effects on platelet activity, blood was re-sampled from 12 HD patients for
platelet proteomic analysis (Fig. 3C). Among measured MMPs, TIMPs, and GFs for paired pre- and post-
HD samples, one signi�cant decrease was observed in connective tissue growth factor (CTGF), signifying
a case in which granule-mediated secretion outpaces production. While relative platelet lysate protein
changes generally showed high variability, MMP3 correlated uniquely to positive BFR (p = 0.046) (Table
ST6), signifying net synthesis accompanying platelet renewal (Fig. 3D). TIMP2 correlated uniquely to
negative Vintage (p = 0.012) (Table ST6), suggesting depletion after long-term HD, while PPBP correlated
uniquely to positive Vintage (p = 0.021) (Table ST6), revealing enhanced production of �brotic molecules
(Fig. 3E). Collectively, these suggest that faster BFR increases platelet proteolytic capabilities, and that
long-term HD patients develop pro-�brotic platelets.

VI. Elevated activation and in�ammatory state indicate platelet dysfunction

Plasma measurements revealed chronic accumulation of MMPs and TIMPs and acutely heightened
TIMP1, while disproportionate changes in the platelet secretome revealed altered protein synthesis
between HD sessions. However, further examination of platelet secretome correlations to plasma clotting,
in�ammatory, and cardiovascular regulators revealed fundamental behavioral adaptations to HD (Fig. 4).
In aggregate, these �ndings reveal accelerated platelet turnover with enhanced translative capacity,
augmented proteolytic enzyme translation and secretion, elevated platelet in�ammatory and regenerative
response, platelet dysfunction in patients with attenuated native platelet inhibition, and further evidence
of worsening dysfunction with faster BFR and longer Vintage.

i. Chronic elevation of platelet activators accelerates platelet turnover and enhances overall translative
capacity, while acute elevation preferentially augments MMP/TIMP translation and secretion

Platelet secretome correlations to plasma measurements of clotting factors connect platelet activation
with both long- and short-term changes in transcriptomic potential and secretory behavior (Fig. 4A).
Multiple positive correlations between RNA and pre-HD plasma clotting factor levels reveal selective
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growth factor, MMP1, and TIMP upregulation upon platelet renewal for patients with chronic elevation of
PAF and TXM. In parallel, negative RNA correlations to acute plasma clotting factor changes show
selective translation and degradation of MMP1 RNA with iatrogenic clotting. Negative platelet lysate IGF1
and positive MMP14 correlations to pre-HD plasma PAF reveal heighted platelet sensitization to granule
secretion and membrane-MMP presentation. Finally, correlations between the change in platelet lysate
(ΔPL) and plasma (Δplasma) clotting factors similarly show MMP and TIMP secretion and MMP14
presentation with acute clotting. When collectively applied as predictors of platelet activity, multivariate
linear regression reveals that pre-HD clotting factor elevation of PAF and TXM indicate MMP1
upregulation (R2 = 0.91, p = 0.027), while pre-HD elevation and intra-HD clearance of PAF and TXM
indicate TIMP2 upregulation (R2 = 0.98, p = 0.044) (Table ST7).

In�ammatory elevation accompanies ampli�ed platelet
in�ammatory and regenerative response
In�ammatory cytokines in�uence the platelet secretome in dialysis patients (Fig. 4B). Platelet EGF and
IL1β RNA increased with plasma IL1β, while EGF RNA was translated and degraded with plasma ΔIFNγ,
showing regenerative and in�ammatory contributions with systemic in�ammation. Conversely, positive
PDGF-DD, TIMP2, and thromboxane (TX) RNA correlations to acute plasma ΔCRP suggest that acute
in�ammation suppresses translation and degradation of pro-�brotic RNA (R2 = 0.87, p = 0.0007) (Table
ST8). Whereas clotting factors have greater emphasis on platelet MMP/TIMP production and secretion,
in�ammatory stimulation leads to ampli�cation and increased production of growth factors. Elevated
plasma TNFα accompanied reduced ΔMMP24 and ΔTIMP3, suggesting reduced MMP/TIMP production.
Degranulation with acute in�ammation is observed by presentation of MMP14 and depletion of PPBP.

ii. Patients with higher native platelet inhibition show lower
platelet dysfunction
Platelet correlations to cardiovascular markers validate known regulatory and dialytic effects (Fig. 5).
Platelet dysfunction is observed by increasing PAF RNA with plasma NTpBNP. TIMP2 RNA upregulation
and PL TIMP1 depletion with plasma ΔTPO shows selective TIMP renewal with platelet turnover. Positive
RNA correlations to plasma PGI2 and ΔPGI2 validate platelet inhibition of RNA translation and
degradation, though minimal improvement in adjusted R2 is observed by multiplexing RNA predictors
against plasma PGI2 (Table ST9). Finally, platelet MMP1 RNA, MMP3 and CTGF production are
attenuated by higher plasma PGI2. Thus, normal restorative platelet inhibition indicates lower platelet
dysfunction.

iii. Faster BFR and longer HD Vintage exacerbate platelet
dysfunction
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Comparisons of platelet RNA and protein levels against clotting factors indicate broader effects of BFR
and Vintage on long-term platelet translation and secretion. Faster BFR increasingly stimulates platelet
dysfunction, shown by comparison of pre-HD plasma PAF to BFR (Fig. 1D) by multivariate linear
regression. Similarly, stimulation of platelet RNA renewal and degranulation with plasma clotting factor
elevation depict a mechanism of increasingly stimulated platelet dysfunction with BFR (Fig. 4A).
Decreasing plasma ΔPAF and ΔTXM with both higher BFR and Vintage, respectively (Figs. 2B&C), and
increasing ΔMMP1 RNA and PL ΔMMPs and ΔTIMPs with decreasing ΔPAF and ΔTXM (Fig. 4A) show
preferential augmentation of platelet MMPs and TIMPs with increasing BFR and Vintage. Further, platelet-
driven mechanisms causing tissue dysregulation appear to extend between HD sessions, shown by the
signi�cant relative increases in clotting factor RNA post-HD. Thus, in addition to directly enhancing
platelet PAF RNA (Fig. 3B), faster BFR and longer Vintage may cause platelet behavioral adaptations that
reduce regenerative contributions and disrupt proteolytic balance.

VII. Hemodialysis shifts platelet function from regenerative
to pro-�brotic
Platelet correlations to circulating clotting, in�ammatory, and cardiovascular factors indicate worsening
dysfunction with accelerated platelet turnover, subdued acute phase response, cardiac stress markers,
and attenuated platelet inhibition. In parallel, secretome correlations to �brotic and regenerative factors
reveal distinct modes of platelet behavior and suggest a chronic shift toward a pro-�brotic mileu.
Increasingly pro-�brotic platelets with proteolytic circulation and decreasingly pro-�brotic platelets with
regenerative circulation show two sides of the same coin. Regenerative feedback responses to �brotic
activity and vice versa show short-term mode-switching between HD sessions. Inverse proportionalities
between alpha-granule proteins and lysosome proteases illustrate a long-term mechanism accounting for
shifts in production.

i. Perturbed plasma proteolytic balance is associated with
pro-�brotic platelets with enhanced MMP/TIMP production
and secretion
Increasing granule MMPs and TIMPs with increasing pro-�brotic RNA identify platelet populations with
enhanced �brotic contributions (Fig. 6A). Lysosome MMPs and granule TIMPs increased with �brotic GF,
MMP, and TIMP RNA, while membrane-type MMPs increased with clotting factor RNA. Platelet TGFβ1,
TIMP1, and PPBP upregulation predicted stored MMP1 (R2 = 0.88, p = 0.043) and MMP2 (R2 = 0.92, p = 
0.0033) concentrations (Table ST10). Increasingly pro-�brotic platelet transcriptomes are also identi�ed
by acute plasma MMP and TIMP increases (Fig. 6B). Fibrotic GF, TIMP, and TX transcripts increased with
acute increases in plasma TIMPs (R2 = 0.45, p = 0.025) (Table ST11), while PAF RNA increased with acute
increases in plasma MMPs (R2 = 0.60, p = 0.026) (Table ST12). The self-amplifying cycle of �brotic
transcript upregulation and protein synthesis with acute proteolytic imbalance is further supported by
observations of enhanced platelet MMP/TIMP production and secretion (Fig. 6C), shown by increases in
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platelet lysate MMP/TIMP with chronic plasma TIMP elevation (R2 = 0.79, p = 0.043) and decreases in
platelet lysate MMP/TIMP with acute plasma TIMP elevation (R2 = 0.79, p = 0.043) (Table ST13).

ii. Higher plasma levels of �bro-protective GFs correlate to lower �brotic and higher regenerative
contributions by platelets

Higher plasma levels of regenerative growth factors indicated platelets with decreasing �brotic
contributions (Fig. 7A). Plasma FGF2 correlated to reduced RNA for in�ammatory IL1β and �brotic
TGFβ1.Platelet production and secretion of �brotic CTGF and TIMP1 decreased with plasma FGF2 and
IGF1, indicated by negative correlations to pre-HD levels and positive correlations to intra-HD changes.
Using MLR, TGFβ1 RNA retention and reduced PL CTGF and TIMP1 predicted plasma FGF2 levels (R2 = 
1.0, p = 0.0021) (Table ST14). Further, platelet TIMP1 was predicted by plasma IGF1 depression pre-HD,
accumulation intra-HD, and FGF2 clearance (R2 = 1.0, p = 0.036) (Table ST14). However, unlike FGF2,
plasma IGF1 correlated to increased platelet MMP1 RNA. Finally, clotting factor translation was reduced
with ΔEGF, shown by TX RNA preservation.

iii. Acute elevation in �brotic activity and PDGFs
accompany a regenerative platelet response between
treatment sessions
Acute enhancements in platelet secretome growth factors to acute plasma increases in �brotic activity
suggest short-term behavioral adaptations between HD sessions (Fig. 7B). Increased �bro-protective RNA
(FGF2 and EGF) with �brotic plasma (MMP9, ΔPPBP, and ΔTIMP3) shows a regenerative shift post-HD.
This is supported by platelet IGF1 and PDGF retention with plasma ΔMMPs and ΔTIMPs. FGF2
upregulation with ΔPDGFD and retention with pre-HD PDGFD demonstrate a case of �brotic
enhancement of regenerative potential. In fact, multivariate linear regression revealed that plasma MMP9,
PDGFD, and PPBP positively predict FGF2 upregulation (R2 = 0.76, p = 0.015) (Table ST15). Further
feedback activity is observed by secretome correlations to PDGFs (Fig. 7C). As expected, PDGFB RNA
decreases as plasma levels increase because of translation followed by degradation. Other platelet lysate
correlations to plasma PDGFs show platelet depletion of PF4, retention of MMP3 and TIMP3, and acutely
stimulated production of membrane-type MMPs.

iv. Secretome correlations support pro-�brotic physiological
adaptations in platelets
Platelet behavioral adaptations may be explained in part by selective differences in granule activity
(Fig. 7D). Decreasing platelet lysate MMP9 and increasing platelet lysate PPBP with increasing EGF RNA
show an inverse trade-off between producing lysosomal proteases and alpha granule proteins. Further,
plasma PPBP was accompanied by reduced lysosomal secretion, observed by platelet lysate MMP2
retention, and increased alpha-granule production, observed by TIMP3 and PDGFB synthesis. Thus,
increasingly regenerative platelet phenotypes may be characterized by increasing alpha-granule
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production and lysosome attenuation. Conversely, increasingly �brotic platelets may present with
increasing lysosome production and alpha granules production with pro-�brotic disproportion.

Discussion
Many plasma biomarker measurements reported in this study mirror prior �ndings in HD patients
demonstrating effects of uremia10,18,19,22, acute in�ammatory response30–32, cardiovascular risk through
mechanical strain and oxidative stress33,44, coagulative dysfunction26, and microvascular damage and
systemic �brosis28,29, 34–38,45. Comparison of these measurements to prescribed dialysis metrics and
quantitative platelet characterization yield novel insights into a circulatory environment in HD patients
that is characterized by profound shifts in ECM homeostasis, microvascular damage, and platelet
function. First, chronic plasma elevation of MMPs and TIMPs, insu�cient removal by dialysis, and
disproportionate acute TIMP1 enhancement characterize dysregulated ECM homeostasis. These
symptoms accompany enhanced production and secretion of MMPs and TIMPs by platelets, illustrating
a vicious cycle of dysregulation. Second, depressed FGF234,45, elevated IGF135, and elevated PDGFD37 in
plasma indicate high risk for microvascular damage and �brosis, supported by increasing platelet
contributions of pro-�brotic TIMP1, CTGF, and TGFβ1 with decreasing plasma FGF2 and increasing
MMP1 RNA with plasma IGF1. Third, platelet secretome correlations reveal adaptive mechanisms that
enhance cardiovascular risk. Elevated NTpBNP, which implies cardiovascular strain, indicated greater
platelet coagulation, while elevated clotting markers accompanied preferential MMP and TIMP
translation and secretion. This pro-�brotic platelet dysfunction decreased with native platelet inhibition,
increasing in�ammatory response, and regenerative GF circulation. Contrarily, acute increases in plasma
�brotic activity and PDGFs elicited a reduced pro-�brotic platelet response in the short-term. Finally,
differences between rates of platelet-released factors demonstrate chronic adaptations affecting alpha-
granule and lysosome activity.

Heightened BFR has been linked to increased HD patient hospitalization and mortality in studies
comparing dialysis service providers and national standards46,47, however underlying mechanisms are
generally unexplored. The correlations observed in this study between platelet function, HD �ltration rate
and secondary effects of high-BFR reveal potential deregulatory mechanisms of increasing BFR. HD
patients prescribed higher BFR had higher pre-HD plasma PAF and MMP3 levels despite higher post-HD
clearance of PAF, MMP2, and MMP3. In platelets, higher BFR enhanced both PAF RNA and lysosomal
MMP3. Consequently, PAF and MMP enhancement in plasma correlated to higher overall platelet RNA
with emphasis on �brotic transcripts and augmented MMP translation and secretion. Similar trends were
observed against HD Vintage, with increasing PAF RNA, PPBP synthesis, and platelet MMP1 and TIMP2
secretion over time. Thus, while coagulative reactivity has been shown to remain consistent throughout
individual HD sessions48, platelet behaviors beyond coagulation may naturally change with longer prior
time on dialysis, and increasing BFR may exacerbate pathogenesis by accentuated repetitive and
excessive stimulation of platelets during therapy. Chronic change in platelet function considering no
acute change in coagulation may in part be explained by receptor shedding, given long-term
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accumulation of MMPs in spite of intra-HD clearance49. Importantly, pharmacological targeting of the
sequalae of endothelial dysfunction including multi-organ �brosis14,50−52 (NCT02285920) and
mitochondrial dysfunction53,54 is an emerging paradigm to reduce cardiovascular mortality among HD
patients. Our data suggest that HD-induced dysfunctional platelets likely contribute to the milieu of
imbalanced plasma growth factors and proteolytic dysregulation that in�uence remodeling of
endothelium and ECM in ESRD patients.

This study utilized a small sample size and did not examine whether similar changes are observed in
CKD patients not on dialysis, or those on peritoneal dialysis. While these would have been interesting
avenues to explore, the Covid-19 pandemic limited the ability to acquire additional data from this high-
risk patient population. Further, future studies could provide greater mechanistic insight by performing
media transfer experiments to elucidate platelet-leukocyte interactions. Importantly, these �ndings
suggest that further research into whether methods to reduce platelet dysfunction in HD combined with
pharmaceutical therapy using the aforementioned emerging treatments is needed in order to draw
mechanistic conclusions.

The �ndings of this study support the emerging potential of platelet contributions to tissue proteolytic
dysregulation that may contribute to multi-organ �brosis and overall cardiovascular decline following HD
initiation. Repetitive and excessive platelet activation, exacerbated by higher BFR and Vintage, causes
plasma regulatory imbalances by platelet dysfunction, observed by disproportionate transcriptomic
upregulation and shifts in synthesis and secretion. Emphasis on MMP and TIMP activity demonstrates a
potential causal link whereby platelet dysfunction systemically dysregulates tissue maintenance.
Prolonged residence of platelet-released compounds, shortened platelet half-lives, and adaptive
secretome enhancements between HD sessions illustrate a vicious cycle of increasingly deregulated
platelet circulatory contributions. When integrated over repeated treatments, these potentially participate
in the pathogenesis of systemic �brosis and microvascular disease. The described mechanisms suggest
that further investigation is warranted into the role of, and potential treatments to target, platelet
contributions to dysregulated tissue maintenance in HD patients.

Materials And Methods
Study Recruitment

HD blood samples were collected immediately before vascular access and after tubing removal from
patients at DaVita facilities in Berkeley and Oakland. All patients were dialyzed using NIPRO single-use,
hollow-�ber ELISIO �lters. Control blood samples from healthy adults with no history of smoking, drug
use, heart or kidney disease, or cancer were drawn at the University of California, Berkeley Tang Center.
Given variability between manufacturers of ELISA tests, control samples were used to provide ranges of
normal values for each assay. Patient samples were processed immediately after HD sessions, and
control samples were processed immediately after collection. Demographics, documented causes of
renal failure, comorbidities, and comedications are summarized in Tables ST1 and ST2. No differences
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were found among plasma or platelet measurements owing to ethnicity or vascular access as assessed
by ANOVA. Participants provided informed consent under protocols approved by the U.C. Berkeley IRB
and in compliance with the Declaration of Helsinki. All methods were performed in accordance with the
relevant guidelines and regulations therein.

Plasma and Platelet Isolation

Blood samples were collected in ACD-A Vacutainers and sterile-processed by combination with inhibitor
cocktail (20µM PGE1, 6mM acetylsalicylic acid, and 400mM EDTA at 1:200 dilution), centrifugation at
200g, and drip �ltration through an Acrodisc WBC Isolation Syringe �lter. Remaining erythrocyte and
leukocyte contamination was immunoprecipitated by anti-CD235a and anti-CD45 conjugated Dynabeads.
Platelets and plasma were separated by centrifugation at 2000g. Plasma was aliquoted and stored at
-80°C for up to 1 month. Platelets were lysed in Trizol and stored at -80°C for up to 1 month.

Enzyme Immunoassay Kits for Plasma Proteomics

Plasma protein concentrations were measured using pre-made ELISA and Luminex assay kits per
manufacturers’ directions (Table ST3). Samples were tested in duplicate within the same assay, leading
to exclusion of measurements with CV% greater than 30%. Three plates were used per marker. Some
samples were re-tested across assay kits for validation. Entire assay kits were excluded from control-HD
comparison based on a combination of CV% of inter-assay replicates, three-sample Kruskal-Wallis, and
two-sample Kolmogorov-Smirnov tests (p ≤ 0.05). Absorbance measurements were interpolated to a 5-
parameter logistic standard curve using Matlab. For intra-HD change analysis, if either pre- or post-
measurement was invalidated or fell outside of test ranges, both measurements were excluded.

Quantitative PCR for Platelet Lysate

Platelet RNA was extracted from Trizol by phase-separation with chloroform and precipitation by
isopropanol. The RNA pellet was washed with 75% ethanol, reformed by centrifugation (7500g/ 4°C), and
dissolved in nuclease-free water after decanting. Samples were puri�ed using Qiagen RNA Cleanup Kits.
cDNA was synthesized using Superscript IV Vilo Master Mix according to RNA concentrations measured
by Qubit Fluorometer and probed using TaqMan primers (Table ST4), with TaqMan Fast Advanced
Master Mix. Primer ampli�cation was performed in a QuantStudio 3 Real-Time PCR System. Paired PCR
samples with Ct values above 38 were excluded.

Western Blots for Platelet Lysate

Protein was precipitated from Trizol using acetone at -20°C followed by centrifugation (12000g/ 4°C).
The protein pellet was washed with 0.3M guanidine hydrochloride in 95% ethanol and 100% ethanol
before dissolution in 3% SDS in ultrapure water. Solubilized protein was aliquoted and stored for single
use at -20°C for up to 1 month, according to concentrations measured by BCA assay. Protein samples
were denatured by LDS and reduced, electrophoresed at 20µg loads, and transferred to PVDF membranes
by Power Blotter. Membranes were probed for one target by iBind Flex, stripped and re-probed for loading
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control, and discarded. Target bands were detected using SuperSignal West Pico, SuperSignal West
Femto, and SuperSignal Enhancer where appropriate. Membranes were imaged using a ChemiDoc XRS.
Band densitometry was performed using ImageJ. Antibodies used are listed in Table ST5.

Statistics

HD versus control plasma measurement distributions were compared by two-sample t test, assuming
unequal variance and two tails. Intra-HD plasma relative protein changes, platelet RNA changes, and PL
protein changes were assessed by one-sample t test using two tails. Linear dependencies were assessed
by multiple linear regression (MLR), and unique linear dependencies to individual predictors are shown by
Pearson correlations. Signi�cance in all cases was determined by p ≤ 0.05. Figure error bars represent
95% con�dence intervals. Box and whisker plots represent sample quartiles.

Data Sharing

For deidenti�ed original data, please contact moriel@berkeley.edu.

Declarations
Acknowledgements

DaVita nursing staff in Berkeley and Oakland are thanked for support in drawing blood samples and
sharing data. The labs of Drs. Schaffer, Conboy, and West provided access to equipment. Financial
support was from the National Science Foundation Graduate Research Fellowship Program (DGE
1752814 to AJVM) and National Institutes of Health (R01HL128592 to MHV). Any opinions, �ndings, and
conclusions or recommendations expressed in this material are those of the author(s) and do not
necessarily re�ect the views of the National Science Foundation.

Author Contributions

AJVM and MHV conceived the study. AJVM and MAV recruited blood donors. AJVM, MAV, and DAA
collected the data. ZH and AJVM performed statistics. ZH veri�ed �ndings. AJVM interpreted results and
wrote the manuscript with support from MHV. All authors reviewed the manuscript prior to submission.
MHV supervised the project.

Disclosure of Con�icts of Interest

The authors have declared that no con�ict of interest exists.

References
1. Hu, J. R. & Coresh, J. The public health dimension of chronic kidney disease: What we have learnt

over the past decade. Nephrol. Dial. Transplant.32, ii113–ii120 (2017).



Page 14/25

2. Inker, L. A. et al. KDOQI US commentary on the 2012 KDIGO clinical practice guideline for the
evaluation and management of CKD. Am. J. Kidney Dis.63, 713–735 (2014).

3. Ravarotto, V., Simioni, F., Pagnin, E., Davis, P. A. & Calò, L. A. Oxidative stress – chronic kidney disease
– cardiovascular disease: A vicious circle. Life Sci.210, 125–131 (2018).

4. de Chickera, S. et al. The Risk of Adverse Events in Patients With Polycystic Kidney Disease With
Advanced Chronic Kidney Disease. Can. J. Kidney Heal. Dis.5, 205435811877453 (2018).

5. Benz, K., Hilgers, K. F., Daniel, C. & Amann, K. Vascular Calci�cation in Chronic Kidney Disease: The
Role of In�ammation. Int. J. Nephrol. 2018, (2018).

�. Lekawanvijit, S. Cardiotoxicity of uremic toxins: A driver of cardiorenal syndrome.Toxins (Basel). 10,
(2018).

7. Shlipak, M. G. et al. Cardiovascular mortality risk in chronic kidney disease: Comparison of
traditional and novel risk factors. J. Am. Med. Assoc.293, 1737–1745 (2005).

�. Mark, P. B. et al. Rede�nition of uremic cardiomyopathy by contrast- enhanced cardiac magnetic
resonance imaging. Kidney Int.69, 1839–1845 (2006).

9. Radhakrishnan, A. et al. Coronary microvascular dysfunction: a key step in the development of
uraemic cardiomyopathy? Heart.105, 1302–1309 (2019).

10. Wang, X. & Shapiro, J. I. Evolving concepts in the pathogenesis of uraemic cardiomyopathy. Nat. Rev.
Nephrol.15, 159–175 (2019).

11. Galvan, D. L., Green, N. H. & Danesh, F. R. The Hallmarks of Mitochondrial Dysfunction in Chronic
Kidney Disease. Kidney Int.92, 1051–1057 (2017).

12. Yazdi, P. G., Moradi, H., Yang, J., Wang, P. H. & Vaziri, N. D. Skeletal muscle mitochondrial depletion
and dysfunction in chronic kidney disease. Int. J. Clin. Exp. Med.6, 532–539 (2013).

13. Gioscia-Ryan, R. A. et al. Mitochondria-targeted antioxidant (MitoQ) ameliorates age-related arterial
endothelial dysfunction in mice. J. Physiol.592, 2549–2561 (2014).

14. House, A. A. Management of Heart Failure in Advancing CKD: Core Curriculum 2018. Am. J. Kidney
Dis.72, 284–295 (2018).

15. Urakawa, I. et al. Klotho converts canonical FGF receptor into a speci�c receptor for FGF23.
Nature.444, 770–774 (2006).

1�. Edwards, N. C. et al. De�ning the natural history of uremic cardiomyopathy in chronic kidney disease:
The role of cardiovascular magnetic resonance. JACC: Cardiovascular Imaging.7, 703–714 (2014).

17. Stromp, T. A. et al. Quantitative Gadolinium-Free Cardiac Fibrosis Imaging in End Stage Renal
Disease Patients Reveals A Longitudinal Correlation with Structural and Functional Decline. Sci.
Rep.8, 1–10 (2018).

1�. Fassett, R. G. et al. Biomarkers in chronic kidney disease: A review. Kidney Int.80, 806–821 (2011).

19. Sun, J. et al. Biomarkers of cardiovascular disease and mortality risk in patients with advanced CKD.
Clin. J. Am. Soc. Nephrol.11, 1163–1172 (2016).



Page 15/25

20. Vanholder, R. et al. Review on uremic toxins: Classi�cation, concentration, and interindividual
variability. Kidney Int.63, 1934–1943 (2003).

21. Meert, N. et al. Inconsistency of reported uremic toxin concentrations. Artif. Organs.31, 600–611
(2007).

22. Duranton, F. et al. Normal and pathologic concentrations of uremic toxins. J. Am. Soc. Nephrol.23,
1258–1270 (2012).

23. United States Renal Data System. 2018 USRDS annual data report: End-stage Renal Disease in the
United States. Chapter 8: Cardiovascular Disease in Patients with ESRD. National Institutes of Health,
National Institute of Diabetes and Digestive and Kidney D.

24. Weyrich, A. S., Schwertz, H., Kraiss, L. W. & Zimmerman, G. A. Protein synthesis by platelets:
Historical and new perspectives. J. Thromb. Haemost.7, 241–246 (2009).

25. Cecchetti, L. et al. Megakaryocytes differentially sort mRNAs for matrix metalloproteinases and their
inhibitors into platelets: A mechanism for regulating synthetic events. Blood.118, 1903–1911 (2011).

2�. Schoorl, M., Grooteman, M. P. C., Bartels, P. C. M. & Nubé, M. J. Aspects of platelet disturbances in
haemodialysis patients. Clin. Kidney J.6, 266–271 (2013).

27. Summaria, F., Giannico, M. B., Talarico, G. P. & Patrizi, R. Antiplatelet Therapy in Hemodialysis
Patients Undergoing Percutaneous Coronary Interventions.Nephrourol. Mon.7, (2015).

2�. Sánchez-González, D. J. & Méndez-Bolaina, E. Trejo-Bahena, N. I. Platelet-rich plasma peptides: Key
for regeneration. Int. J. Pept. 2012, (2012).

29. Thachil, J. The lung megakaryocytes and pulmonary �brosis in systemic sclerosis. Med.
Hypotheses.72, 291–293 (2009).

30. Pereira, B. J. G. et al. Plasma levels of IL-1β, TNFα and their speci�c inhibitors in undialyzed chronic
renal failure, CAPD and hemodialysis patients. Kidney Int.45, 890–896 (1994).

31. Zimmermann, J., Herrlinger, S., Pruy, A., Metzger, T. & Wanner, C. In�ammation enhances
cardiovascular risk and mortality in hemodialysis patients. Kidney Int.55, 648–658 (1999).

32. MacDonald, J. H. et al. Muscle insulin-like growth factor status, body composition, and functional
capacity in hemodialysis patients. J. Ren. Nutr.14, 248–252 (2004).

33. Zoccali, C. et al. Cardiac natriuretic peptides are related to left ventricular mass and function and
predict mortality in dialysis patients. J. Am. Soc. Nephrol.12, 1508–1515 (2001).

34. Villanueva, S. et al. Basic �broblast growth factor reduces functional and structural damage in
chronic kidney disease. Am. J. Physiol. - Ren. Physiol.306, 430–441 (2014).

35. Hamaguchi, Y. et al. Elevated serum insulin-like growth factor (IGF-1) and IGF binding protein-3 levels
in patients with systemic sclerosis: Possible role in development of �brosis. J. Rheumatol.35, 2363–
2371 (2008).

3�. Bowen-Pope, D. F. & Raines, E. W. History of discovery: Platelet-derived growth factor. Arterioscler.
Thromb. Vasc. Biol.31, 2397–2401 (2011).



Page 16/25

37. Borkham-Kamphorst, E., Alexi, P., Tihaa, L., Haas, U. & Weiskirchen, R. Platelet-derived growth factor-D
modulates extracellular matrix homeostasis and remodeling through TIMP-1 induction and
attenuation of MMP-2 and MMP-9 gelatinase activities. Biochem. Biophys. Res. Commun.457, 307–
313 (2015).

3�. Kubes, P., Suzuki, M. & Granger, D. N. Platelet-activating factor-induced microvascular dysfunction:
role of adherent leukocytes. Am. J. Physiol. Liver Physiol.258, G158–G163 (1990).

39. Stokes, K. Y., Granger, D. N. & Platelets A critical link between in�ammation and microvascular
dysfunction. J. Physiol.590, 1023–1034 (2012).

40. Arpino, V., Brock, M. & Gill, S. E. The role of TIMPs in regulation of extracellular matrix proteolysis.
Matrix Biol.https://doi.org/10.1016/j.matbio.2015.03.005 (2015).

41. Mills, E. W., Green, R. & Ingolia, N. T. Slowed decay of mRNAs enhances platelet speci�c translation.
Blood.129, e38–e48 (2017).

42. Xia, L., Zeng, Z. & Tang, W. H. The Role of Platelet Microparticle Associated microRNAs in Cellular
Crosstalk. Front. Cardiovasc. Med.5, 1–5 (2018).

43. Clancy, L., Beaulieu, L. M., Tanriverdi, K. & Freedman, J. E. The role of RNA uptake in platelet
heterogeneity. Thromb. Haemost.117, 948–961 (2017).

44. Yogalingam, G., Hwang, S., Ferreira, J. C. B. & Mochly-Rosen, D. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) phosphorylation by protein kinase Cδ (PKCδ) inhibits mitochondria
elimination by lysosomal-like structures following ischemia and reoxygenation-induced injury. J. Biol.
Chem.288, 18947–18960 (2013).

45. Bozic, M. et al. Association of FGF-2 concentrations with atheroma progression in chronic kidney
disease patients. Clin. J. Am. Soc. Nephrol.13, 577–584 (2018).

4�. Dalrymple, L. S. et al. Comparison of hospitalization rates among for-pro�t and nonpro�t dialysis
facilities. Clin. J. Am. Soc. Nephrol.9, 73–81 (2014).

47. Foley, R. N. & Hakim, R. M. Why is the mortality of dialysis patients in the United States much higher
than the rest of the world? J. Am. Soc. Nephrol.20, 1432–1435 (2009).

4�. Mourikis, P. et al. Platelet reactivity in patients with chronic kidney disease and hemodialysis. J.
Thromb. Thrombolysis.49, 168–172 (2020).

49. Gardiner, E. E., Al-Tamimi, M., Andrews, R. K. & Berndt, M. C. Platelet receptor shedding. in Platelets
and Megakaryocytes: Volume 3 (eds. Gibbins, J. M. & Mahaut-Smith, M. P.) 321–339(Springer, 2012).
doi:10.1007/978-1-61779-307-3_22

50. Lindberg, K. The kidney is the principle organ mediating klotho effects. J. Am. Soc. Nephrol.25,
2169–2175 (2014).

51. Maekawa, Y. Klotho protein diminishes endothelial apoptosis and senescence via a mitogen-
activated kinase pathway. Geriatr. Gerontol. Int.11, 510–516 (2011).

52. Hui, H. Klotho suppresses the in�ammatory responses and ameliorates cardiac dysfunction in aging
endotoxemic mice. Oncotarget.8, 15663–15676 (2017).



Page 17/25

53. Jun, M. Antioxidants for chronic kidney disease. Nephrol.18, 576–578 (2013).

54. Kirkman, D. L., Muth, B. J., Ramick, M. G., Townsend, R. R. & Edwards, D. G. Role of mitochondria-
derived reactive oxygen species in microvascular dysfunction in chronic kidney disease. Am. J.
Physiol. Physiol.314, F423–F429 (2017).

Figures



Page 18/25

Figure 1

Hemodialysis patient plasma is characterized by proteolytic dysregulation and pro-�brotic indicators.
Comparison of plasma concentrations of (A) MMPs and TIMPs, (B) growth factors, and (C) in�ammatory
and cardiovascular markers between healthy control and pre-dialysis or post-dialysis samples as
measured by ELISA and compared by t test. *p < 0.05. Box and whisker plots represent quartiles. (A)
Concentrations of four MMPs (MMP2, MMP3, MMP9, MMP14) and two TIMPs (TIMP1, TIMP2) were
signi�cantly elevated in dialysis patients both before and after HD compared to healthy controls. (B)
Signi�cantly depressed FGF2 and signi�cantly elevated IGF1 in dialysis patients indicate a pro-�brotic
circulatory phenotype. (C) Natriuretic peptides and in�ammatory markers are elevated in dialysis patients
as established indicators of adverse cardiovascular outcomes. (D) Signi�cant Pearson correlations (p <
0.05) between pre-dialysis plasma concentrations and treatment parameters blood �ow rate (BFR) and
dialysis vintage. Positive relationships against PAF and MMPs support worsening proteolytic and
coagulative dysfunctions with BFR and Vintage.



Page 19/25

Figure 2

Intra-dialysis changes reveal MMP clearance and acute TIMP1 elevation that increases in severity with
dialysis vintage. (A) Relative changes in paired plasma samples from dialysis patients pre- and post-
treatment as measured by ELISA. Signi�cant intra-dialysis increases were observed in proteolytic
regulator TIMP1 and clotting factor vWF. Signi�cant decreases were observed in TIMP2, proteases MMP3
and MMP9, and oxidative stress indicator GAPDH. Statistical signi�cance was assessed using one-
sample t test. *p < 0.05. Box and whisker plots represent quartiles. Adjacent ranges represent mean (red)
± 95% con�dence interval. (B and C) Signi�cant Pearson correlations (p < 0.05) between intra-dialysis
plasma protein changes and BFR or Vintage, respectively. Negative relationships against PAF and MMPs
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show clearance with increasing BFR. Positive relationships against TIMP1 and cytokine IFNγ support
increasing proteolytic inhibition and immune reactivity with Vintage, while decreasing thromboxane
metabolite with Vintage re�ects progression of coagulative dysfunction.

Figure 3

Intra-dialysis platelet transcriptome and secretome changes re�ect long-term drivers of dysfunction. (A)
Relative changes in paired platelet lysate RNA composition in dialysis patients pre- and post-treatment as
measured by qPCR. Disproportionate increases in transcripts post-dialysis show selective upregulation of
TIMPs and MMP1 degradation in a majority of patients. Fibro-protective EGF, pro-�brotic PPBP, clotting
factors PF4 and vWF, and GAPDH signi�cantly increased by t test, re�ecting changes affecting a diverse
set of mechanisms. *p < 0.05. Box and whisker plots represent quartiles. Adjacent ranges represent mean
(red) ± 95% con�dence interval. (B) A signi�cant Pearson correlation (p < 0.05) shows increasing capacity
for PAF production with Vintage. (C) Relative changes in paired platelet lysate protein composition in pre-
and post-treatment as measured by Western Blot. Statistical signi�cance was assessed by one-sample t
test. *p < 0.05. (D and E) Signi�cant Pearson correlations (p < 0.05) between intra-dialysis platelet lysate
secretome changes and BFR or Vintage, respectively. The positive relationship between MMP3 and BFR
supports acute proteolytic enhancement in platelets, while reduction in MMP1 and TIMP2 with Vintage
supports sensitization of MMP and TIMP secretion. The positive relationship between PPBP and Vintage
re�ects the impact of progressive platelet dysfunction on tissue dysregulation.
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Figure 4

Elevated activation and in�ammatory state indicate platelet dysfunction. Pearson correlation coe�cients,
R, of intra-dialysis platelet lysate RNA or protein relative changes against pre-dialysis plasma protein
levels or intra-dialysis plasma relative changes, categorized by interpreted effects on platelets caused by
(A) coagulative and (B) in�ammatory indicators. (A) Platelet ΔRNA correlates positively to pre-dialysis
levels of coagulative indicators and negatively to intra-dialysis protein changes, revealing targets of
selective megakaryocyte upregulation and stimulated synthesis during dialysis. Platelet proteome
correlations to plasma support acute MMP and TIMP exocytosis during dialysis and elevated chronic
membrane-type MMP14 presentation with plasma levels of platelet activators. Increasing acute MMP
and TIMP ΔRNA with increasing chronic plasma indicators, coupled with decreasing ΔRNA with
increasing acute Δplasma indicators attributed to translation and degradation support MMPs and TIMPs
as platelet-mediated targets causing dysfunction. (B) Platelet secretome correlations to chronic levels
and acute changes in plasma in�ammatory markers show platelet contributions to in�ammatory and
regenerative response. EGF is chronically enhanced and acutely synthesized, while IL1β is chronically
ampli�ed in platelets. Meanwhile, PDGFD, TIMP2, and TBXAS1 RNA are protected with acute
in�ammation. Membrane-type MMPs appear to be chronically suppressed and acutely enhanced, while
TIMP3 synthesis is chronically suppressed and PPBP is acutely secreted.
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Figure 5

Cardiovascular stress markers indicated platelet dysfunction. Platelet inhibition by PGI2 protects RNA
from translation as shown by positive correlations against EGF, GAPDH, PPBP, and TGFβ1 transcripts and
negative correlations against granule CTGF and MMP3. PAFAH2 upregulation correlates to plasma
NTpBNP, showing platelet dysfunction with chronic cardiac strain. Platelet renewal is shown by TIMP2
RNA increases and granule TIMP1 decreases with plasma TPO.
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Figure 6

Pro-�brotic platelet secretomes correlate to elevated plasma MMPs and TIMPs. Pearson correlation
coe�cients, R, of �brotic platelet (A) ΔRNA against platelet ΔMMPs and ΔTIMPs, (B) ΔRNA against
plasma ΔMMPs and ΔTIMPs, and (C) Δprotein against plasma TIMPs and ΔTIMPs. (A) Platelets with
acutely enhanced MMP and TIMP secretomes have ampli�ed transcripts for MMPs, TIMPs, platelet
activators, and other �brotic factors. (B) Patients presenting acute plasma MMP and TIMP increases
have platelets exhibiting greater RNA for �brotic factors. (C) Chronic plasma TIMP elevation
accompanies greater platelet production of MMPs and TIMPs, and increased intra-dialysis MMP and
TIMP secretion.
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Figure 7

Growth factor and proteolytic trends suggest a chronic shift in platelet function from regenerative to pro-
�brotic. Pearson correlation coe�cients, R, of intra-dialysis platelet lysate RNA or protein relative changes
against pre-dialysis plasma protein levels or intra-dialysis plasma relative changes, categorized by
interpreted effects on platelets caused by (A) growth factors, (B) �brotic activity, and (C) PDGFs. (A)
Higher plasma levels of regenerative growth factors indicated platelets with decreasing �brotic
contributions. Chronic �bro-protective FGF2 plasma elevation correlated to lower �brotic molecule
production and RNA, and acute plasma FGF2 elevation correlated to �brotic molecule retention. Plasma
EGF reduces TBXAS1 translation, while IGF1 shows mixed effects including MMP1 ampli�cation. (B)
Compensatory mechanisms are observed by acute enhancement of regenerative factors with acute
plasma �brotic activity, showing transient mode-switching between dialysis sessions. Growth factor RNA
and protein synthesis accompany acute plasma MMP and TIMP increases. Plasma PDGFD elevation
accompanies FGF2 RNA upregulation and protection. (C) PDGF feedback shows an example of �brotic
enhancement of regenerative potential. PDGFB RNA decreases with increasing plasma PDGFB levels,
showing degradation after translation and secretion. Rising PDGF levels accompany decreased granule
PF4, TIMP3 and MMP3 retention, and acutely stimulated presentation of membrane-MMPs. (D)
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Correlations among alpha-granule and lysosome proteins elucidate physiological adaptations
contributing to pro-�brotic or �bro-protective functions. Decreasing MMP9 and increasing PPBP in
platelets with increasing EGF RNA show a trade-off between alpha-granule and lysosome �lling
behaviors. Acute plasma PPBP elevation, which showed to accompany regenerative RNA enhancement,
correlated to MMP2 retention.
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