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Aim. To characterize the longitudinal relationships of baseline ACE2 and within-patient ACE2 change
with complement components C3 and C4 and the hypoxia-related biomarker HIF-1a between 3 and 6 months
after SARS-CoV-2 infection.

Materials and methods. This prospective longitudinal observational study included 69 patients with
paired plasma samples collected at 3 and 6 months after COVID-19. Plasma concentrations of ACE2, C3,
C4, and HIF-1a were quantified using enzyme-linked immunosorbent assays. Longitudinal changes were
evaluated using paired analyses and random-intercept mixed-effects models. Secondary analyses included
baseline-adjusted regression, change-score associations, Pearson and Spearman correlations, and ACE2
trajectory evaluation. Robustness was assessed using raw and log-transformed variables, influential-observa-
tion analyses, alternative trajectory thresholds, and exploratory nonlinear ACE2 models. False-discovery-rate
correction was applied to prespecified hypothesis families.

Results and discussion. ACE2, C3, C4, and HIF-1a showed distinct longitudinal patterns between 3
and 6 months. Time-by-baseline-ACE?2 interactions differed across the three biomarkers, with C4 showing
the strongest ACE2-related signal, followed by C3 and HIF-1a. Although the linear interaction terms did not
remain statistically significant after false-discovery-rate correction, complementary baseline-adjusted and
change-score analyses indicated differentiated complement and hypoxia-related responses. Sensitivity anal-
yses identified C4 as the leading candidate for a complex ACE2-associated longitudinal pattern, including
evidence of nonlinearity, whereas HIF-1a showed pronounced temporal change with comparatively limited
ACE2-centered association.

Conclusions. Complement and hypoxia-related biomarkers displayed distinct longitudinal behavior in
relation to ACE2 during long COVID recovery. C4 showed the most prominent evidence of a potentially com-
plex ACE2-associated pattern, while C3 and HIF-1a demonstrated different longitudinal profiles. These find-
ings indicate that post-COVID biomarker evolution is pathway specific and cannot be fully represented by a
single uniform linear ACE2-centered mechanism.

Key words: ACE2; C3; C4; HIF-1a; complement system; hypoxia signaling; long COVID; longitudinal
analysis; mixed-effects model; biomarker dynamics

INTRODUCTION

Long COVID, characterized by the persistence
or development of symptoms beyond the acute
phase of SARS-CoV-2 infection, represents a major
challenge for global healthcare systems due to its
heterogeneous clinical manifestations and complex
biological mechanisms [1, 2]. Although many patients
gradually recover after acute infection, a substantial
proportion experience persistent clinical and biolog-
ical abnormalities, highlighting the need to identify
biomarkers that reflect underlying recovery trajecto-
ries and disease heterogeneity [3, 4].
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Accumulating evidence indicates that long
COVID involves persistent endothelial dysfunction,
immune dysregulation, complement activation, and
altered metabolic responses [5, 6, 7, 8]. The renin-an-
giotensin system, particularly angiotensin-converting
enzyme 2 (ACE2), has attracted considerable atten-
tion because of its dual role as the cellular receptor
for SARS-CoV-2 entry and as a critical regulator of
vascular homeostasis, inflammation, and tissue re-
pair [9, 10]. During SARS-CoV-2 infection, ACE2
dysregulation may contribute to endothelial injury,
inflammatory imbalance, and persistent pathological
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signaling through disruption of the ACEZ2/angioten-
sin-(1-7)/Mas receptor axis [11, 12]. However, the
longitudinal behavior of ACE2 levels during recovery
and its relationship with downstream immune and
stress-response pathways remain incompletely un-
derstood.

The complement system is a key component
of innate immunity and has been implicated in per-
sistent inflammatory activation, endothelial injury, and
thromboinflammatory responses following COVID-19
[13, 14]. Complement components C3 and C4 repre-
sent central elements of complement activation and
regulation, with altered levels reflecting changes in
immune homeostasis and inflammatory status [15].
In parallel, hypoxia-inducible factor 1-alpha (HIF-1a)
functions as a major regulator of cellular adaptation
to hypoxic and metabolic stress and interacts with
inflammatory pathways involved in persistent im-
mune activation [16, 17]. The biological connections
between ACE2, complement regulation, and hypox-
ia-related signaling suggest that these biomarkers
may represent interconnected components of long-
term post-COVID recovery.

Previous studies have demonstrated per-
sistent inflammatory abnormalities, complement dys-
regulation, and heterogeneous biomarker signatures
in long COVID; however, the longitudinal relation-
ships between interconnected biological pathways
remain incompletely characterized [18, 19, 20]. Indi-
vidual biomarker analyses are valuable for identifying
concentration changes but may not fully characterize
whether different biological pathways follow coordi-
nated or distinct recovery patterns. Therefore, investi-
gating ACE2-centered longitudinal relationships with
complement and hypoxia-related biomarkers may
provide additional insight into the biological organiza-
tion of long COVID recovery.

In this study, we hypothesized that ACE2 lev-
els is associated with distinct longitudinal patterns of
complement and hypoxia-related biomarkers during
the recovery phase of COVID-19.

We aimed to characterize the longitudinal dy-
namics of ACE2, C3, C4, and HIF-1a between 3 and
6 months after SARS-CoV-2 infection and to evaluate
whether baseline ACE2 levels and ACE2 changes
were associated with subsequent biomarker trajecto-
ries. Understanding these pathway-specific longitudi-
nal patterns may provide a foundation for more com-
prehensive systems-level approaches to investigate
persistent biological remodeling in long COVID.

MATERIALS AND METHODS

Study design and participants
This prospective longitudinal observation-
al study included adults who had recovered from
PCR-confirmed COVID-19 and were evaluated at two
predefined follow-up points: 3 and 6 months after in-
fection. Participants were recruited in Karaganda, Re-
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public of Kazakhstan, between May and August 2021
after discharge from infectious disease hospitals.

The present investigation was derived from
the same longitudinal post-COVID cohort previously
examined through a broad multilayer analysis of bio-
logical and clinical interaction networks [21]. Where-
as that study characterized system-wide correlation
structures, conditional dependencies, and temporal
network remodeling, the current study addressed a
distinct and more focused question: whether baseline
ACE2 and longitudinal ACE2 change were associat-
ed with the trajectories of complement components
C3 and C4 and the hypoxia-related marker HIF-1a.
This targeted analysis was designed to character-
ize pathway-specific ACE2-centered dynamics as a
foundation for broader systems-level interpretation.

The final analytical cohort consisted of 69
participants with complete paired measurements of
ACE2, C3, C4, and HIF-1a at both follow-up points.
Eligible participants were adults older than 18 years
who had recovered from mild, moderate, or severe
COVID-19. Exclusion criteria included pregnancy or
lactation, immunocompromised status, including HIV
infection, and active malignancy. No healthy control
group was included because the study was designed
to evaluate within-patient biomarker changes and lon-
gitudinal associations during post-COVID recovery.

Clinical data

Clinical information related to the acute phase
of COVID-19 was obtained from electronic medical
records. Acute COVID-19 severity was classified ac-
cording to World Health Organization clinical guid-
ance as mild, moderate, or severe [22]. These data
were used to characterize the clinical background of
the cohort but were not included as primary predic-
tors in the present ACE2-centered analysis.

Blood sampling and biomarker measurement

Venous blood was collected at the 3- and
6-month follow-up visits into EDTA-containing tubes.
Samples were centrifuged at 1500-2000 xg for 10-15
min at 4° C, and the separated plasma was aliquoted
and stored at —80° C until laboratory analysis.

Plasma concentrations of ACE2, C3, C4,
and HIF-1a were measured using commercial en-
zyme-linked immunosorbent assay kits according to
the manufacturers’ instructions. Optical density was
measured at 450 nm, with reference-wavelength cor-
rection where required, and concentrations were cal-
culated using four-parameter logistic standard curves.
Standard calibrators and control samples were includ-
ed in each assay, and the available intra-assay and in-
ter-assay coefficients of variation did not exceed 10%.

Data preparation

The 3-month assessment was defined as
baseline and the 6-month assessment as longitudinal
follow-up. Within-patient change was calculated as
the 6-month value minus the corresponding 3-month
value.
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Table 1 — Longitudina characteristics of ACE2, C3, C4, and HIF-1a in the paired cohort (n=69)

‘ Direction

Biomarker rﬁerggr:hssl,:) rgerggrlthssb cw::ge 21'12(::1'32 Esfifze(;:t adjEBde pa?t?éi(:)zsnts
69

ACE2 (UIL) 002 | 15500 | +13668 | +0.047 | 1.000 | <0.001 | noreased
decreased

69

C3 (mgfdL) 1S71% | 80868+ | i49108 | +a4.t97 | 2470 | <0001 | Inoreased
decreased

10

C4 (mg/dL) Toios | 0013% | 0800 | -0686 | -0.936 | <0.001 | Moreased
decreased

69

HIF-1a (pgim) | G002 | 0095% | w0052 | +0.037 | 1000 | <0001 | Mnereased:
decreased

Note: Values are presented in original laboratory units. ACE2 and HIF-1a were compared using Wilcoxon signed-rank tests; C3 and C4
were compared using paired t-tests. Effect sizes are those reported by the analytical pipeline. FDR adjustment was applied across the

four paired longitudinal comparisons

Original laboratory values were retained for
descriptive summaries and paired longitudinal com-
parisons. Baseline ACE2 was standardized before
inclusion as the principal predictor in the longitu-
dinal models, allowing its coefficient to represent
the expected outcome difference associated with a
one-standard-deviation higher ACE2 level at base-
line. C3, C4, and HIF-1a were treated as the prespec-
ified outcome biomarkers.

Statistical analysis

Continuous variables were summarized us-
ing means and standard deviations and medians
and interquartile ranges, as appropriate. Longitudi-
nal changes between 3 and 6 months were evalu-
ated using paired-samples -tests when within-patient
differences were approximately normally distributed
and Wilcoxon signed-rank tests when the normality
assumption was not satisfied.

The primary analysis used random-intercept
linear mixed-effects models to determine whether
standardized baseline ACE2 was associated with dif-
ferent longitudinal trajectories of C3, C4, and HIF-1a.
Separate models were fitted for each outcome and
included time, standardized baseline ACE2, and the
time-by-baseline-ACE2 interaction. The interaction
term was the principal parameter of interest because it
evaluated whether biomarker changes between 3 and
6 months differed according to baseline ACE2 level.

Secondary analyses included baseline-adjust-
ed regression models, associations between ACE2
change and changes in C3, C4, and HIF-1a, and
Pearson and Spearman correlation analyses. Het-
eroscedasticity-consistent HC3 standard errors were
used for the secondary regression models. Sensitivity
analyses examined raw and log-transformed values,
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influential observations, alternative ACE2 trajectory
thresholds, and exploratory nonlinear ACE2 terms.

The Benjamini — Hochberg false discovery rate
procedure was applied separately within prespecified
hypothesis families to account for multiple testing
[23]. All statistical tests were two-sided, with p<0.05
considered nominally significant. Principal interpreta-
tion was based on FDR-adjusted results, while un-
adjusted results were used to characterize explorato-
ry signals. Analyses were conducted using Python
3.10.12 with pandas, NumPy, SciPy, statsmodels,
scikit-learn, and Matplotlib.

Ethical statement

The study was conducted in accordance with
the Declaration of Helsinki [24] and was approved
by the Bioethics Committee of Karaganda Medical
University, Republic of Kazakhstan, Protocol No. 18
dated 14 April 2021. Written informed consent was
obtained from all participants before enroliment.

RESULTS
Longitudinal Changes in ACE2, C3, C4,
and HIF-1a
The longitudinal analysis included 69 partici-
pants with complete paired measurements at both 3
and 6 months after COVID-19. The four biomarkers
followed clearly differentiated temporal patterns, indi-
cating that endothelial/RAS, complement, and hypox-
ia-related pathways did not evolve uniformly during
follow-up.
ACE2 increased markedly from 0.639+0.251
U/L at 3 months to 14.307+8.270 U/L at 6 months.
C3 also increased substantially, from 1.371+0.516
to 50.568+23.183 mg/dL. In contrast, C4 decreased
from 1.413+0.440 to 0.613£0.421 mg/dL. HIF-1a in-
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Within-patient change in ACE2
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Figure 1 — Within-patient ACE2 trajectories between 3 and 6 months after COVID-19. Individual lines represent

paired observations for each participant

Table 2 — Primary mixed-effects models for the time-by-baseline-ACE2 interaction

Interaction o . FDR-adjust-
Outcome coefficient (B) SE 95% ClI Nominal p edp Result pattern
_ -8.856 to Weak negative in-
c3 3.514 2.726 1.829 0.197 0.296 teraction estimate
~0.301 to Strongest prima-
C4 -0.158 0.073 20016 0.030 0.089 ry ACE2-related
) signal
-0.019to Limited interaction
HIF-1a 0.011 0.015 0.040 0.482 0.482 estimate

Note: Separate random-intercept models were fitted for each outcome. Baseline ACE2 was standardized. The coefficient shown corre-
sponds to the time [T.short] x baseline ACE2 contrast used in the primary output; therefore, its sign must be interpreted according to that
coding. FDR correction was applied across the three prespecified interaction tests

creased from 0.042+0.164 to 0.095+0.287 pg/mL. All
four longitudinal changes remained statistically sig-
nificant after false-discovery-rate correction (Table 1).

The direction-of-change analysis showed that
ACE2, C3, and HIF-1a increased in all 69 partici-
pants. C4 decreased in 59 participants and increased

Meouyuna u sxonoeus, 2026, 3

in 10. Thus, the observed group-level differences
reflected broadly distributed within-patient changes
rather than differences between unrelated cross-sec-
tional samples. The individual ACE2 trajectories are
shown in Figure 1, while Figure 2 presents the paired
changes in all four biomarkers.
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Within-patient biomarker changes from 3 to 6 months
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Figure 2 — Paired longitudinal changes in ACE2, C3, C4, and HIF-1a between 3 and 6 months after COVID-19

Table 3 — Integrated secondary ACE2-centered findings

ACE2-
change

Baseline

Outcome ACE2 B

FDR p

FDR p

Comparative

Pearson r pattern

Spearman p

C3 -1.077 | 0.234 1.525

0.092

Strongest
baseline-adjusted
ACE2-change
signal

0.132 0.153

C4 -0.037 | 0.234 0.053

0.107

Strongest direct
change-to-change
correlation

0.220 0.158

HIF-1a 0.006 0.581 -0.013

0.428

Distinct,
comparatively
weak ACE2-
centered pattern

-0.092 -0.143

Note: Baseline-adjusted models included the corresponding 3-month outcome, standardized baseline ACE2, and standardized ACE2
change, with HC3 robust standard errors. FDR values for baseline ACE2 and ACE2 change were calculated within separate hypothesis

families. Correlations are based on within-patient change scores

Baseline ACE2 and longitudinal biomarker
trajectories
The primary mixed-effects analysis examined
whether the longitudinal trajectories of C3, C4, and
HIF-1a differed according to baseline ACE2. Sep-
arate randome-intercept models were fitted for each
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outcome, and the time-by-baseline-ACE2 interaction
was the principal parameter of interest.

The interaction estimates differed across the
three biomarkers (Table 2). For C3, the interaction
coefficient was -3.514 (95% CI: —8.856 to 1.829),
indicating a weaker longitudinal increase at high-
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Baseline ACE2 modification of longitudinal biomarker trajectories

C3 A f

C4 -

Qutcome biomarker

HIF-1a

-8 -6

—4

-2

Time x baseline ACE2 coefficient (95% confidence interval)

Figure 3 — Forest plot of the time-by-baseline-ACE2 interaction estimates for C3, C4, and HIF-1a

Table 4 — Robustness and model-form comparison

Primary . .
. Raw-scale | Log-scale | Influential-case | Quadratic | Integrated result
Outcome IlneaLFDR B (p) B (p) result ) pattern
Weak linear
3.514 -0.001 Unchanged; no evidence;
c3 0.296 (0.197) (0.953) exclusions 4.359 (0.036) exploratory
nonlinear signal
) Strongest but
C4 0.089 (8823) (82471'% Un:;;sgiii,sno ( <Od109081) scale-sensitive
' ' ) complex pattern
Limited linear
HIF-10 0.482 -0.011 -0.035 | Unchanged; no -0.005 and nonlinear
: (0.482) (0.236) exclusions (0.653) ACE2-centered
evidence

Note: Raw- and log-scale sensitivity coefficients use the long-minus-short contrast and therefore have the opposite sign from the primary
table, which reports the short-minus-long contrast. Nonlinear models were exploratory and were not used to replace the prespecified

primary linear models

er baseline ACE2 values under the model contrast;
however, the confidence interval included zero and
the FDR-adjusted p-value was 0.296. HIF-1a showed
a small positive interaction coefficient of 0.011 (95%
Cl: -0.019 to 0.040; FDR-adjusted p=0.482), indicat-
ing comparatively limited differentiation of its trajecto-
ry by baseline ACE2.

C4 produced the strongest primary ACE2-relat-
ed signal. Its interaction coefficient was -0.158 (95%
Cl: -0.301 to —0.016), with a nominal p-value of 0.030
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and an FDR-adjusted p-value of 0.089. Although this
result did not cross the prespecified FDR threshold,
its magnitude and narrower confidence interval distin-
guished C4 from C3 and HIF-1a. The estimates and
their uncertainty are visualized in Figure 3.
Complementary ACE2-Centered Associations
Secondary baseline-adjusted models eval-
uated whether baseline ACE2 and within-patient
ACE2 change were associated with 6-month C3, C4,
and HIF-1a after accounting for the corresponding
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Association between changes in ACE2 and C3
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Figure 4 — Associations between changes in ACE2 and changes in (a) C3, (b) C4, and (c) HIF-1a between 3
and 6 months after COVID-19. Solid lines represent linear regression fits, and dotted horizontal and vertical

lines indicate zero change

3-month biomarker value. This analysis separated
the potential contribution of the initial ACE2 state from
the contribution of ACE2 evolution during follow-up.
These findings are summarized in Table 3.

Baseline ACE2 showed negative coefficients
for C3 and C4 and a small positive coefficient for HIF-
1a, but none remained significant after FDR correc-
tion. ACE2 change produced more prominent posi-
tive coefficients for both complement components.
The strongest baseline-adjusted change signal was
observed for C3 ($=1.525; FDR-adjusted p=0.092),
followed by C4 ($=0.053; FDR-adjusted p=0.107).
HIF-1a showed a small negative coefficient for ACE2
change (= —-0.013; FDR-adjusted p=0.428).

Direct change-score correlations showed the
same pathway distinction. ACE2 change was posi-
tively correlated with changes in C3 and C4, with the
largest Pearson correlation observed for C4 (r=0.220),
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whereas the relationship with HIF-1a change was
weakly negative (r= —-0.092). Pearson and Spearman
estimates were similar in direction, suggesting that
the overall pattern was not dependent on a single
correlation method. The three change-score relation-
ships are illustrated in Figure 4.
Robustness and Exploratory Nonlinear Patterns
Sensitivity analyses assessed whether the pri-
mary findings depended on measurement scale, influ-
ential observations, or model form (Table 4). The in-
fluential-observation analysis identified no participants
requiring exclusion; consequently, estimates from the
complete-cohort and exclusion models were identical.
Transformation sensitivity was most evident
for C4. In the raw-scale model using the long-minus-
short contrast, the time-by-baseline-ACE2 coefficient
was 0.158 (p=0.030), whereas the corresponding
log-scale coefficient was 0.048 (p=0.677). C3 and
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Sensitivity of primary interaction estimates to biomarker transformation
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Figure 5 — Sensitivity of the time-by-baseline-ACE2 interaction estimates to raw and log-transformed

biomarker values

HIF-1a also showed attenuation or changes in mag-
nitude after logarithmic transformation. These results
indicate that the strength of the simple linear associ-
ation depended partly on the analytical scale, partic-
ularly for C4.

Exploratory nonlinear models provided a
complementary pattern. Significant quadratic time-
by-baseline-ACE2 terms were observed for C3
(B=4.359; p=0.036) and C4 ($=0.198; p<0.001), with
the strongest evidence again observed for C4. No
comparable nonlinear pattern was identified for HIF-
1a (p=0.653). These exploratory results suggest that
complement-related longitudinal behavior may vary
across the baseline ACE2 distribution rather than fol-
lowing one uniform straight-line relationship. Figure 5
summarizes transformation sensitivity.

DISCUSSION

The present study delineates a heterogeneous
pattern of longitudinal biomarker remodeling during
post-COVID recovery. Although ACE2, C3, and HIF-
1a increased between 3 and 6 months whereas C4
decreased, the principal finding extends beyond
these temporal shifts: the relationships of C3, C4,
and HIF-1a with ACE2 were not concordant across
the analytical framework. C4 was distinguished by
the time-by-baseline-ACE2 interaction and by the ex-
ploratory nonlinear analysis; C3 was distinguished in
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the baseline-adjusted analysis of ACE2 change; and
HIF-1a exhibited substantial temporal variation with
comparatively limited ACE2-centered association.
Taken together, these findings indicate that post-
COVID biomarker evolution is organized in a path-
way-specific manner rather than according to a single
uniform ACE2-centered trajectory.

The longitudinal increase in circulating ACE2
is relevant to the persistent involvement of the re-
nin—angiotensin system and vascular endothelium
after acute SARS-CoV-2 infection. ACE2 occupies a
central position at the interface of viral entry, vascu-
lar homeostasis, and inflammatory regulation, while
contemporary evidence continues to implicate endo-
thelial dysfunction and endothelial inflammatory sig-
naling in long COVID and post-COVID organ injury
[25,26]. In the present cohort, however, the increase
in ACE2 was accompanied by divergent responses
in complement and hypoxia-related biomarkers. This
dissociation argues against interpreting circulating
ACE2 as a uniform index of biological recovery and
instead supports its evaluation within the context of
specific downstream pathways.

The complement findings further underscore
the heterogeneity of post-COVID biomarker remodel-
ing. C3 and C4 evolved in opposite directions during
follow-up, demonstrating that individual complement
components need not exhibit parallel longitudinal be-
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havior within the same participants. The divergent
longitudinal behavior of C3 and C4 is concordant with
the growing body of evidence implicating persistent
complement dysregulation in long COVID. Activation
of classical, alternative, and terminal complement
pathways in association with thromboinflammatory
abnormalities has been documented in active long
COVID [27], and complement-associated inflamma-
tory signatures have also been identified across dis-
tinct clinical phenotypes [28, 29]. At the same time,
systematic evidence indicates substantial heteroge-
neity across studies evaluating complement-related
biomarkers [30]. The present paired longitudinal data
add to this literature by demonstrating that C3 and
C4 can follow divergent trajectories during the same
interval of post-COVID recovery.

C4 showed the clearest evidence of a base-
line-ACE2-related longitudinal pattern. In the primary
mixed-effects analysis, C4 was the only outcome for
which the time-by-baseline-ACE2 interaction reached
nominal statistical significance, although the associ-
ation did not remain significant after FDR correction.
The sensitivity analyses further demonstrated atten-
uation of the linear signal after logarithmic transfor-
mation, whereas the exploratory quadratic model
identified a significant nonlinear time-by-ACE2 term.
This combination of findings indicates that the ACE2—
C4 relationship is not adequately represented by a
single scale-independent linear effect. The appropri-
ate interpretation is therefore not one of established
ACE2-C4 coupling, but of an analytical pattern that
warrants further investigation of nonlinear endotheli-
al/RAS—complement relationships.

C3 exhibited a different pattern. In the base-
line-adjusted secondary analysis, the ACE2-change
term for C3 yielded the lowest FDR-adjusted p val-
ue within the corresponding prespecified hypothe-
sis family, whereas the direct change-score anal-
ysis showed a positive ACE2—-C3 relationship and
the largest Pearson correlation was observed for C4.
These results distinguish the information contained in
baseline ACE2 from that contained in its within-patient
change. For C3, the analytical pattern places great-
er emphasis on concurrent ACE2 evolution than on
the ACE2 concentration measured at the beginning
of follow-up. Although the secondary association did
not satisfy the FDR-adjusted significance criterion, it
provides a coherent change-related signal that com-
plements the baseline-ACE2 findings observed for C4.

HIF-1a was differentiated from both comple-
ment components. Despite a significant longitudinal
increase, neither baseline ACE2 nor ACE2 change
showed a substantial association with its trajecto-
ry. The dissociation between the marked temporal
increase in HIF-1a and its limited association with
ACE2 indicates that temporal biomarker evolution
and ACE2-centered organization represent distinct
biological dimensions. HIF-1a is positioned at the
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intersection of hypoxic, metabolic, and inflammatory
signaling, and its temporal behavior therefore reflects
a biological dimension that is at least partly distinct
from the endothelial/RAS axis. The weak negative
change-score relationship for HIF-1a, in contrast to
the positive directions observed for C3 and C4, fur-
ther reinforces this separation.

Viewed collectively, the findings support a mod-
el of post-COVID recovery characterized by differen-
tiated, time-dependent organization across intercon-
nected biological pathways. The contribution of the
present analysis lies not solely in documenting lon-
gitudinal concentration changes, but in demonstrat-
ing that the relationship of each outcome biomarker
with ACE2 depends on both the biological pathway
and the analytical dimension examined. This inter-
pretation is concordant with the broader systems-lev-
el analysis of the same cohort, which demonstrated
temporal reorganization of immune, endothelial/RAS,
oxidative-redox, and hypoxia-related interactions, to-
gether with relative stability of the psychometric—au-
tonomic cluster and marked changes in C3-C4 and
ACE2-C4 relationships [21]. Together, these comple-
mentary analyses support an integrated view of long
COVID in which recovery is defined by evolving in-
terrelationships among biological systems rather than
by isolated biomarker trajectories or a single common
linear mechanism.

Limitations. The findings should be interpret-
ed within the scope of the present longitudinal obser-
vational design. The study focused on circulating bio-
marker dynamics and ACE2-centered associations
during post-COVID recovery; therefore, mechanistic
interpretation remains limited to the biological path-
ways represented by the measured variables. Further
studies incorporating additional molecular and clinical
dimensions would help extend and validate these lon-
gitudinal patterns.

Novelty of the study. The principal novelty of
this study lies in its analytical design, which evalu-
ates ACE2 simultaneously as a baseline modifier of
longitudinal biomarker trajectories and as a dynamic
within-patient variable. By integrating paired biomark-
er change, time-by-baseline-ACE2 interactions, and
associations between ACE2 change and subsequent
biomarker behavior, the study provides a focused
framework for distinguishing pathway-specific longi-
tudinal relationships that are not captured by conven-
tional cross-sectional or single-time-point analyses.
An additional contribution is the direct comparison of
baseline-dependent and change-dependent ACE2
relationships within the same cohort and follow-up
interval, allowing these two dimensions of biological
variation to be evaluated separately rather than treat-
ed as interchangeable. The inclusion of sensitivity
analyses and exploratory nonlinear modeling further
extends the framework by testing whether observed
ACE2-centered patterns remain consistent across
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alternative model specifications. Together, this de-
sign provides a more refined longitudinal approach
for investigating heterogeneous biomarker regulation
during post-COVID recovery.

Translational significance. From a transla-
tional perspective, the findings support further eval-
uation of longitudinal endothelial/RAS-complement
interactions in long COVID. Complement-related
pathways remain clinically relevant because comple-
ment activation markers have been associated with
active long COVID and have been investigated as po-
tential therapeutic targets [27, 29, 31]. However, the
present findings are not sufficient to support diagnos-
tic, prognostic, or treatment-selection use of ACE2,
C3, C4, or HIF-1a. Future studies should determine
whether these longitudinal patterns improve clinical
phenotyping, prognostic stratification, or identification
of biologically defined patient subgroups.

CONCLUSIONS

The present study demonstrates that longitudi-
nal post-COVID biomarker dynamics are character-
ized by differentiated relationships between ACE2,
complement components, and HIF-1a rather than by
a uniform pattern of change. The findings distinguish
baseline-dependent and within-patient ACE2-related
effects across these pathways and indicate that com-
plement and hypoxia-associated responses evolve
according to different biological trajectories during
follow-up.

The results further emphasize the impor-
tance of analytical context in interpreting longitudi-
nal biomarker behavior. The C4 pattern indicates
that ACE2-related complement dynamics are not
adequately represented by a simple linear relation-
ship, while the C3 findings highlight the relevance
of within-patient ACE2 change. In contrast, HIF-1a
follows a more distinct temporal course with limit-
ed ACE2-centered association. These differences
reinforce the concept that post-COVID recovery in-
volves pathway-specific biological remodeling rath-
er than synchronized evolution across all measured
systems.

Collectively, the study refines the understand-
ing of ACE2-centered post-COVID biology by demon-
strating that the biological significance of ACE2
depends on both the pathway examined and the
longitudinal dimension considered. This framework
provides a more precise basis for interpreting post-
COVID biomarker evolution and for identifying biolog-
ically distinct patterns that may not be evident from
single-time-point measurements alone. Further longi-
tudinal studies should extend these findings across
broader patient populations, incorporate additional
clinical and molecular dimensions, and evaluate their
prognostic and translational relevance over longer
periods of follow-up.
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ACE2-LLEHTPUPOBAHHAA MNPOAOOJZIbHAA OWHAMWUKA  KOMMOHEHTOB KOMIMIIEMEHTA
N r’MnoKcuAa-ACCouMMPOBAHHbIX BUOMAPKEPOB MNMPU ANIUTEINIbBHOM COVID
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Llenb uccnedosaHusi. N3yunTb cBA3b mcxopgHoro ypoBHA ACE2 n ero M3meHeHun B OuHaMuke C
N3MEHEHNSIMWN YPOBHEN KOMMOHEHTOB KomnnemeHTa C3 n C4 n runokcmsi-accoummpoBaHHOro buomapkepa
HIF-1a B nepuog ¢ 3 no 6 mecsau nocne nHgpekumn SARS-CoV-2.

Mamepuanel u memodsl. B npocnekTuBHOE NpogonbHOe HabniogatenbHoe uccrnenoBaHne OGbinm
BKITIOYEHbl 69 NauMeHTOoB, Y KOTOpbIX obpasubl Nna3mbl KpoBWM Obinn nonyyeHsl yepe3 3 n 6 mec. nocne
COVID-19. KoHueHTpaummn ACE2, C3, C4 n HIF-1a B nna3me onpegensnu mMetogqoM MMMYHOEPMEHTHOrO
aHanusa. NameHeHus nokasartenen B AMHAMWKE OLLEHMBANW C UCMONb30BaHNEM METOOO0B aHanu3a napHbIX
OaHHbIX W MoAenen cmellaHHbIX 3dEKTOB CO CryyYalHblM WHTEpcenToM. [OnonHUTENbHbIA aHanus
BKItoYan B cebsi perpeccuoHHble MOAENW C MonpaBKOM Ha MCXOAHblE 3HAYEeHUs, aHanu3 B3anMOCBA3EN
Mexay WM3MEHeHWsSMU MnokKasaTenen, KOppensumoHHbi aHanu3 [upcoHa n CnupmeHa, a Takke OLEHKY
TpaekTopmint ACE2. YCTONYMBOCTb pesyrnbTaToB NPOBEPSSIN C UCTIONb30BaHNEM UCXOOHbIX U FTorapudMmnyeckm
npeobpasoBaHHbIX 3HAYEHUIN, aHanu3a BNUATENbHbIX HabnaeH, ansTepHaTUBHbBIX NOPOrOBbIX 3HAYEHWN
TpaeKkTopui 1 nccregoBaTensCkuxX HennHenHolx mogenen ACE2. [1ns 3apaHee onpeaeneHHbIX rpynn runotes
NMPUMEHSANM KOPPEKLMIO HA MHOXECTBEHHbBIE CPABHEHWS C KOHTPOMEM YacTOTbl NTOXKHbIX OTKpbITMI (FDR).

Pesynbmambi u obcyxdeHue. B nepvog ¢ 3 no 6 mecauy ACE2, C3, C4 n HIF-1a gemoHcTprpoBanu
pasnuyHylo AuHamuky. Xapaktep B3avMOAENCTBMS BpeMeHn 1 ncxogHoro yposHs ACE2 pasnuuanca ans
Tpex GuomapkepoB: Hanbonee BbipaxeHHbIN curHan ceasm ¢ ACE2 Habntoganca gna C4, 3atem ana C3 u
HIF-1a. Xota nocne FDR-koppekunn nuHenHble 3@ ekTsl B3aMMOLENCTBUSA HE COXPaHANM CTaTUCTUYECKON
3HAYUMOCTW, LOMOSTHUTENbHbIE aHanu3bl C MOMPAaBKOW HAa MCXOOHbIE 3HAYeHWss U aHanu3 W3MeHeHWi
rnokasaTenen ykasbiBanu Ha pasnuyms mexagy AMHaMUKON KOMMOHEHTOB CUCTEMbI KOMMIIEMEHTA U MNOKCUS-
accoummpoBaHHOro buomapkepa. AHanM3 4yBCTBUTENBHOCTY NOKasari, YTo Hanboree BblpaXeHHbIe NPU3HaKK
CMOXHOW, B TOM Yucne HenvHenHon, ceasn ¢ ACE2 xapakTepHbl Ana C4, Torga kak HIF-1a gemoHcTpupoBsan
BblPaXXEHHbIE U3MEHEHNSI BO BPEMEHU NPpU CpaBHUTENbLHO criabown ceasu ¢ ACE2.

Bbigodbi. KOMNOHEHTbI CUCTEMbI KOMMAEMEHTA U TUMNOKCUSA-acCoLMMpoBaHHbIn Guomapkep HIF-1a
XapakTepmnsoBanucb pPasnuUYHoON AUHAMUKOW U HeoguHakoBon cBasbio ¢ ACE2 B nepuog BOCCTaHOBMEHMS
nocne gnutensHoro COVID. Hanbonee BblpaxeHHble NPU3HAKM NOTeHUMarnbHO crnoxHon cessn ¢ ACE2
6b1nu BoisiBreHbl Ana C4, torga kak C3 n HIF-1a geMoHCcTprpoBanu nHble BapuaHTbl AUHaMuKkn. PesyneraThbl
CBUAOETENLCTBYIOT O TOM, YTO U3MEHEHUss BUOMapKepoB B MOCTKOBUAHbLIN Nepuod 3aBUCHAT OT KOHKPETHOTO
B1ONorM4eckoro NyT1 1 He MoryT BbITb MOMHOCTLIO O6BbACHEHbI eAnHbIM NMHENHbIM ACE2-LieHTpMpOBaHHbIM
MeXaHU3MOM.

Knouessbie cnosa: ACE2; C3; C4; HIF-1a; cuctema KOMNMNEMEHTa; TUMOKCUYECKUN CU2HanuHe;
anuteneHbii COVID; npoaonkeHbI aHanus; MoAernb CMeLlaHHbIX aghghekmos; duHamuka buomapkepos
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BUOMAPKEPINEPAOIH ACE2-OPTAJbIKTAHAbIPLITFAH BOUNbIK AMHAMUKACBI
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3epmmeydiH makcambl. SARS-CoV-2 uHdeKumsicbiHaH keniHri 3—6 an apanbifbiHga ACE2-HiH
DacTankbl AeHreni MeH OHbIH e3repicTepiHiH koMnneMeHTTiH C3 xxaHe C4 KOMMOHEHTTEPI KOHE NMMNOKCUSIMEH
BannanbicTbl HIF-1a GuomMapkepi AeHrennepiHiH earepyiMmeH GannaHbICbiH 3epTTeY.

Mamepuandap xoHe adicmep. MNpocnekTnBTi Gonnblk Gakbinaynblk 3eptreyre COVID-19-gaaH keniH
3 xeHe 6 anga nnasma ynrinepi anbiHFaH 69 naumeHT eHrisdingi. NMnasmvagarel ACE2, C3, C4 xeHe HIF-1a
KOHLIeHTpauusanapbl MMMYHOEPMEHTTIK Tangay aficiMeH aHblkTanabl. KepceTkilTepaiH yakblT 6ombiHLa
e3repicTepi XynTanfaH OepekTepai Tangay oficTepi kaHe Kesgencok uHTepcenTi Gap apanac aceprep
mMogenbaepi apkbinbl OaranaHgbl. KocbiMwa Ttangay OacTtankpl MeaHAepre Ty3eTiNreH perpeccussblk
MoOenbAepai, KepceTkiluTep e3repicTepiHiH e3apa GawnaHbicbiH Garanaygbl, [NupcoH xaHe CnuMpmeH
Koppenauusanblk TangaybiH, coHpam-ak ACE2 TpaektopusinapblH Oaranaygbl kamTblabl. HaTwxenepain
TYPakTbIbIFbl 6acTankpl xxaHe norapudMaik TypreHaipinreH MaHaepai, biknanabl 6akpinaynapabsl Tangayabl,
TpaekTopusinapablH 6anamarnb! WeKTi MaoHAepPiH xaHe ACE2-HiH 3epTTeyLUinik CbI3bIKTbIK eMec MoAernbaepiH
KongaHy apkbinbl Tekcepingi. AngbiH ana 6enrineHreH rmnoTte3anap TonTapbl YLWiH XarnfaH alubiibiMaap
XuiniriH 6akpinay (FDR) agicimeH KenTik canbiCTbipyriapFa Ty3eTy eHrisingi.

Hemusxenep xoHe marikbinay. 3 xeHe 6 ain apanbirbiHga ACE2, C3, C4 xaHe HIF-1a kepceTkiluTepiHiH
OVHamuKackl apTypni 6onabl. YakblT neH ACE2-HiH 6acTankbl AeHreniHiH e3apa acepi yw 6uomapkep yLliH
epekwenengi: ACE2-meH GannaHbICTbl eH ankbiH 6enri C4 ywiH, oaaH kewiH C3 xxeHe HIF-1a ywiH 6arikangbl.
FDR-Ty3eTyiHEH KeliH CbI3bIKTbIK ©3apa ocepriep CTaTUCTUKamnbIK MaHbl3OblfbifblH CakTaMaraHbIMEH,
BacTankbl MaHOepre Ty3eTireH KocbiMLLa Tangaynap MeH KepceTKiluTep e3repicTepiH 6aranay KOMNIemMeHT
XXYMeci MeH runokcusira bannaHbICTbl OMoOMapkep MHaMUKACbIHbIH epeKlleneHeTiHiH kepceTTi. CesiMTanablk
Tangaybl C4 ywiH ACE2-meH kypaeni, COHbIH, ilWiHae CbI3bIKTbIK eMec OalnnaHbICTbIH €H aliKbliH benrinepi
aHblkTagbl, an HIF-1a yakbIT 6oMbIHIWA alikbIH e3repreHiMeH, oHbiH ACE2-mMeH GannaHbicbl canbiCTbipmarbl
Typae anci3 6ongsbl.

KopbimbiHObI. KOMNNEMEHT KOMMOHEHTTEPI MeH runokcusira GannaHbicTbl HIF-1a Guomapkepi y3ak
COVID-TeH keliHri kannbiHa Keny ke3eHiHae apTypni AnHamuka xxaHe ACE2-MeH apTyprni 6annaHbIC kepceTTi.
ACE2-meH bIKTUMan kypgeni 6amnaHbiCTbiH, eH alikbiH Genrinepi C4 ywiH aHbikTangbl, an C3 neH HIF-1a
facka guMHaMuKanblK epeklenikTepMeH cunattangbl. HaTuxenep nocTKOBUATIK KeseHaeri bvomapkepnep
©3repiCTepiHiH HaKTbl OMONOruANbIK XKonFa GannaHbICTbl EKEHIH XxaHe ornapabl OipbiHFan Cbi3blKTblk ACE2-
opTanbIKTaH4bIPbISIFAaH MEXaHU3MMEH TOMbIK TYCIHAIPY MYMKiIH €MeCTIriH KepceTes,.

Kinm ce3dep: ACE2; C3; C4; HIF-1a; koMnneMeHT XyMeci; rmnokecusinblk curHan 6epy; ysak COVID;
bonnblk Tangay; apanac acepnep mogeni; buomapkepnep AMHamukachl
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